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 Abstract of thesis 
The unique properties exhibited by many metal sulphide nanomaterials have driven research interest 
in recent years. As new dimensionalities and morphologies continue to be isolated, a vast array of 
useful materials is discovered and their emerging applications are realised. Amongst these 
morphologies, two-dimensional transition metal dichalcogenides have gained significant attention. 
This PhD research focuses on some of the most important aspects of two-dimensional metal 
sulphides: their exfoliation, conversion of their dispersions into thin films and eventually enhancing 
their optical properties. 
Due to the general dimension-dependent properties of layered metal sulphide crystals, it is important 
to have control over the thickness and lateral size during preparation of such two-dimensional 
nanosheets. Despite many past advances, there is still ample opportunity to develop improved 
exfoliation techniques, which becomes one of the main focuses of this research.  
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Traditionally, liquid-phase exfoliation of layered sulphide materials is performed using organic 
solvents, due to their surface energies providing superior nanoflake dispersibility. More recently, the 
use of surfactants has been established, to improve the nanoflake yield in alternative solvents. During 
this PhD research, the author established a new sonication-assisted biocompatible molybdenum 
disulphide (MoS2) exfoliation technique using the bile salt, chenodeoxycholic acid, in a water-ethanol 
solution. The method was shown to produce high quality nanoflakes in a reasonable yield. A 
mechanically gentle, reductive exfoliation method was also explored for the synthesis of laterally 
large ultrathin nanosheets of MoS2.  
Following successful exfoliation of layered MoS2, the method was then further explored to exfoliate 
quasi-stratified Bi2S3 crystals. The crystal structure of Bi2S3 comprises rows of stacked ribbons which 
are held together through van der Waals forces in two directions. The anisotropic structure favours the 
formation of one-dimensional nanomaterials and exfoliation of two-dimensional layers has not 
previously been demonstrated. As such, the work presented in this thesis introduces the first report of 
exfoliation of Bi2S3 into micron-scale ultrathin nanosheets as a novel step in creating planar structures 
from crystals that are not completely stratified. The lateral dimensions of the sheets were in the order 
of 10s of µm wide, with thickness reduced to one or two fundamental layers. The p-type nanosheets, 
which contained sulphur vacancies, were shown to be selectively sensitive to NO2 gas, with a fast 
response attributed to strong physisorption. 
Another area that requires research attention is the translation of suspended exfoliated metal sulphide 
nanoflakes into thin films; especially for the development of future functional systems. In most cases, 
techniques such as spin-coating and drop-casting are used to deposit suspended two-dimensional 
materials, resulting in films that are non-uniform and have poor coverage. A recent report outlines the 
treatment of exfoliated transition metal dichalcogenide nanoflakes with chemical modifiers, before 
injection into a pre-defined liquid-liquid interface, resulting in an assembled film. In this PhD 
research, the author explored a more efficient assembly process for exfoliated nanoflakes, where a 
liquid-liquid interface was established directly from the suspended particles without the addition of 
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any inducing agents. Advantageously, avoiding chemical processing reduced the influence on the 
properties of the nanoflakes in the resulting film. 
Controlled deposition of thin films from assembled nanoflakes was also achieved through the use of 
hydrophobic patterned substrates. An efficient film assembly and dip coating of the substrates results 
in large-scale uniform patterned thin films of tungsten disulphide (WS2) and MoS2 nanoflakes. 
Composite films are also established through simply mixing two different nanoflake suspensions prior 
to the formation of the liquid-liquid interface. Film characterisation showed that the MoS2 and WS2 
were evenly dispersed throughout the composite thin film, with no isolated regions of the individual 
materials. 
One of the most promising properties of monolayer MoS2 is that it displays photoluminescence, 
although the low emission is not ideal for practical optical applications. Extensive studies on quantum 
dot emission optimisation, through surface passivation, drew our attention to the possibility of 
incorporating MoS2 into a hybrid structure to enhance its photoluminescence. Recent studied report 
composites of MoS2 nanosheets with nanoparticle decoration, or stacked in layered heterostructures, 
but no hybrid quantum dots have been demonstrated. 
In this thesis, the author presents the hydrothermal conversion of MoS2 nanoflakes into quantum dots 
with simultaneous ZnS growth. The hybrid particles were found to have a narrow size distribution and 
enhanced photoluminescence quantum yield compared to the exfoliated nanoflakes. The emission was 
found to be excitation-wavelength-independent, which would make it easier to monitor their response 
in optical sensing applications. The developed water-stable hybrid quantum dots provide a 
biocompatible alternative to the traditional synthesis of toxic core-shell quantum dots in harsh organic 
solvents. 
Overall, the author of this thesis believes that this research contributed to the advancement of 
nanotechnology through the development of several new morphologies of metal sulphides and added 
to the ever-growing body of knowledge in the field of two-dimensional materials.  
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Chapter 1 
Background 
1.1 Motivation 
Semiconductor nanomaterials show vastly different properties to their bulk counterparts and are thus 
highly researched for developing new functional materials and devices with a broad range of 
applications. There is vast scope for continued investigation of new nanomaterials, alternative 
morphologies, more efficient synthesis techniques and applications in emerging technologies. 
1.1.1 Metal sulphides 
Metal sulphides are a class of materials with a wide variety of crystal structures and properties. There 
are examples of metallic, insulating and semiconducting sulphides and thus, selection of a suitable 
metal sulphide material can assist in development of a huge variety of advanced systems. 
In their native states, it is difficult to tune bulk metal sulphides and they have limited surface area to 
provide the needed functionalities. However, by manipulating the dimensions of a metal sulphide, we 
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can increase our ability to control the band structure and electronic properties of the resulting 
nanomaterials. Synthesis of metal sulphide nanomaterials is possible through many bottom-up and 
top-down approaches. Tailoring reaction conditions can result in variations to morphology, 
stoichiometry and crystal phase of the resulting nanocrystals. As such, vast possibilities are available 
to be explored. 
1.1.2 Morphology 
The crystal structure and phase of a metal sulphide determine the possible nanostructure morphologies 
available. An interesting property is the layered crystal structures of some sulphides provide the 
opportunity to exfoliate the crystal into freestanding monolayers. The most common example of a 
monolayer metal sulphide is molybdenum disulphide (MoS2), which has been extensively studied in 
recent years.1-4 Monolayer MoS2 has an altered band structure arising from confinement to a two-
dimensional structure. This band cross-over results in a direct bandgap, which gives rise to 
photoluminescent properties in the monolayer material.1 Interesting and useful properties like this are 
the reason that the PhD candidate wishes to further explore the synthesis of new morphologies of 
various metal sulphides, in the hope of uncovering novel nanostructures. 
Following the discovery of graphene, development of alternative two-dimensional materials has 
received much research attention.3, 5 These atomically thin structures possess a huge surface area, 
which provides a platform for efficient environmental interaction. As such, there is potential for 
incorporation of two-dimensional nanomaterials into a variety of sensors, optical and electronic 
devices. 
An extensively investigated metal sulphide morphology is zero-dimensional quantum dots. There 
have been many examples of useful applications developed through measuring the optical emission 
from particles, which occurs due to quantum confinement.6-8 However, the vast majority of quantum 
dots are unstable in aqueous environments (requiring capping agents) and contain toxic elements such 
as cadmium and selenium. Further studies of biocompatible alternatives present another key area of 
investigation. 
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Another important consideration is the translation of the developed nanomaterials into useable 
formats. Deposition of the particles onto manageable substrates, in a controlled manner, is critical. 
Traditional techniques of particle deposition are usually inefficient and result in non-uniform films, 
with little control over the orientation of the particles. Predictable deposition would increase the 
ability to produce useful devices with electrode connections and also contribute to the ease of 
composite build-up through layering. 
1.1.3 Composite nanomaterials 
A booming field, which contributes to different properties and applications, is the incorporation of 
multiple materials into hybrid structures. Combinations of multiple nanomaterials result in a huge 
array of new structures with enhanced applicability through improved control over desired 
characteristics.  
Core-shell quantum dots are one example of a hybrid nanostructure which has been extensively 
studied and explored for optimisation. The shelling process has been shown to protect the core and 
enhance the optical emission through passivation.9 
In recent years, composite structures have been developed using two-dimensional nanoflakes as a 
base for nanoparticle growth.10 Many combinations have been developed, with a variety of 
applications.11 Layered heterostructures of stacked two-dimensional sheets have also been 
demonstrated to show enhanced electrical properties.12 
As such, further investigation of new hybrid structures and incorporation of multiple materials into 
mixed films will continue to expand the range of useful composite nanomaterials. 
1.1.4 Liquid-phase preparation 
Both top-down and bottom-up approaches to nanomaterial synthesis are available, with various 
methods including reactive intercalation,13-15 sonication-assisted exfoliation,2, 16 mechanical 
exfoliation,17 hydrothermal growth,18 chemical vapour deposition19 and chemical synthesis.20 
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Liquid-phase preparations of metal sulphides provide more control over the material dimensions and 
morphology. Liquid-phase methods are advantageous over chemical vapour deposition techniques 
because they can be achieved at relatively low temperature and result in suspensions which can be 
manipulated. Chemical functionalisation or incorporation into mixtures becomes possible when the 
nanomaterials are suspended in a solvent.  
There is a remarkable amount of control over the dimensions and phase of the resulting sulphide 
nanomaterials when liquid-phase synthesis routes are used. By studying the effects of various reaction 
conditions, a material’s properties can be carefully tailored to produce a desired combination to suit a 
specific application.  
1.2 Objectives 
After identifying potential areas for further development of the area of metal sulphide nanomaterials, 
the author was able to focus the scope of their PhD research. As such, the main focus areas were 
identified to be: the development of new morphologies of metal sulphide nanomaterials (i.e. hybrid 
structures and unique dimensionalities), implementation of more user-friendly interfaces (i.e. aqueous 
suspensions and deposited thin films), identification and exploitation of tuneable properties, and 
exploration of possible applications for the developed materials. 
The first area of research is to develop a biocompatible synthesis route and achieve high quality 
sulphide materials with useful optical emission. Building on prior research which presents suitable 
solvents for high yield exfoliation of MoS2, the author aims to avoid the use of harsh organic solvents. 
This project aims to successfully make use of a biocompatible surfactant in an aqueous environment, 
as the medium for the exfoliation reaction. The first research question is ‘Can a biocompatible 
exfoliation process be developed, to produce high yield MoS2 nanoflakes in a stable suspension?’. 
Further to this, a second biocompatible step will be explored, for the hydrothermal synthesis of zinc 
sulphide (ZnS). The role of the ZnS will be to enhance the optical emission from the MoS2. The 
second research question is “How will the synthesis of a composite material change the optical 
properties of the exfoliated MoS2 and can the photoluminescence quantum yield be increased?”. 
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The next area of interest is to study the behaviour of the suspended nanomaterials and achieve a 
controlled method to manipulate their orientation. The third research question is “How can a 
controlled large-scale thin film deposition of exfoliated material be developed and can a patterned 
film be achieved?”. Substrate patterning, to form hydrophilic and hydrophobic domains, is a 
convenient way of controlling the behaviour of a liquid on a surface. However, further control over 
the concentration and packing arrangement of suspended particles is necessary to achieve patterned 
films. The aim of this stage of the research is to make use of a liquid-liquid interface as a trap for 
suspended particles, to form a uniform, densely-packed film of nanomaterial. The author of this PhD 
thesis then aims to extract this assembled film onto a patterned substrate, thus producing a controlled 
patterned uniform film. In addition, it is expected that this method can be extended to a range of metal 
sulphides, the author will also explore the incorporation of multiple materials into a mixed film. 
In the final stage, the PhD candidate aims to explore efficient exfoliation techniques that produce 
large-scale ultrathin metal sulphides by reducing the mechanical forces which alter the crystal 
structure and reduce the size of the sheets. Reduced nanosheet size is a major issue resulting from 
harsh and energetic exfoliation techniques. In this work, optimisation of the nanosheet dimensions 
will be of high priority. The final research question is “Can a mechanically-gentle exfoliation be 
achieved, such that laterally large nanosheets are produced? Is it possible to extend this method to the 
exfoliation of quasi-stratified crystals into two-dimensional structures?”. The author aims to introduce 
a new reductive exfoliation method, which doesn’t fracture or alter the crystal phase of the resulting 
nanosheets. The mechanically gentle technique will be explored as a possible method for exfoliation 
of quasi-stratified crystals, which usually form one-dimensional nanostructures. Further to this, the 
large-area sheets will be incorporated into devices to test their electrical performance and response as 
gas sensors. 
1.3 Outline of thesis 
This thesis is primarily focussed on the investigation of new morphologies of metal sulphide 
nanomaterials, through the development of new liquid-phase synthesis methods. There will be an 
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emphasis on reducing processing times to present facile routes to efficiently produce a variety of high 
quality metal sulphide materials. 
In Chapter 2, a thorough review of recent literature in relevant areas will be presented in such a way 
as to draw attention to the areas which lack fully developed concepts and present research gaps that 
will become the focus of this thesis. 
Chapter 3 will cover the topic of biocompatible synthesis of hybrid quantum dots. The author will 
present a new hydrothermal synthesis method and fully characterises the morphology and optical 
properties of the products. A two-step route will be presented, to limit the thickness of the MoS2 first, 
and then restrict the lateral dimensions whilst simultaneously growing a ZnS coating, to develop 
hybrid quantum dots. 
The investigation of controlled particle deposition will be presented in Chapter 4. A facile assembly 
technique will be shown, using a liquid-liquid interface to control the particle orientation and film 
formation. A substrate patterning technique will be used to drive the particles into a uniform densely-
packed film which covers pre-defined large scale areas. The technique will be demonstrated for the 
two most common transition metal disulphide materials, MoS2 and WS2. The method will also be 
tested for the formation of mixed structures, by incorporation of the two materials into a composite 
film. 
In Chapter 5, the exfoliation of micron-scale two-dimensional metal sulphides will be presented. A 
new reductive exfoliation process will be developed, to avoid the use of mechanical agitation, thus 
preventing the nanosheets from being broken into smaller fragments. This method will be tested on 
different metal sulphide materials, to test its effectiveness, even when the structure of the bulk crystal 
is only quasi-stratified. 
The overall conclusions and potential for extension to future studies will be presented in Chapter 6 of 
this thesis. The author will discuss potential for further refinement of the new synthesis methods, 
where applicable to other materials, as well as potential for applications of the current product metal 
sulphide nanomaterials. 
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Chapter 2 
Literature review 
2.1 Introduction 
In this thesis the focus is on metal sulphide nanomaterials, in particular zero and two-dimensional 
structures. Metal sulphides have significantly grown in popularity in recent years, with the 
development of zero-dimensional semiconductor quantum dots and two-dimensional structures.1, 2 
These materials can be produced through a range of reactions, using both bottom-up and top-down 
processes.3-5 Now extensive research can be found in the literature regarding optimisation of synthesis 
processes for a significant number of metal sulphide nanomaterials, offering controlled dimensions 
and desirable properties.6-8 
Recent progress in combining multiple materials has resulted in a range of interesting new composite 
structures such as core-shell nanoparticles, decorated nanosheets and layered heterostructures.9-11 
These emerging observations open windows into an enormous range of previously unexplored 
possibilities.  
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There is ongoing research interest in development of new nanostructured metal sulphides and 
opportunities for advancement of existing processes with further optimisation of synthesis techniques 
and incorporation into functional devices. As such, relevant literature is reviewed here to identify 
research gaps that will be address in this PhD thesis. 
 
Figure 2.1 Representation of nanomaterials with different dimensions compared to 3D bulk material. 
2.2 Two-dimensional materials 
Two-dimensional (2D) materials are those which have one few-atom-thick dimension and are 
relatively large in the other two dimensions, as shown in Figure 2.1. These structures can be produced 
by isolation of free-standing layers from the naturally occurring crystals or by synthesising defined 
planar structures. 2D morphology results in extremely high surface-to-volume ratio and presents 
altered tunable electronic properties. The most well-known 2D material, graphene, is the one-atom-
thick sheet made up of repeating units of hexagonally bonded carbon. Graphene was first isolated 
from graphite through a simple mechanical exfoliation process, using scotch-tape to isolate sheets 
down to monolayer thickness.12 This discovery of graphene sparked interest into the exfoliation of 
other layered crystals such as boron nitride, transition metal dichalcogenides and phosphorene.5, 13, 14 
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2.2.1 Transition metal dichalcogenides 
Transition metal dichalcogenides (TMDs) are a class of layered crystals which constitute a layer of 
metal atoms sandwiched between two layers of chalcogenide atoms (i.e. S, Se or Te). These 3-atom-
thick layers are covalently bonded in two directions and are held together by weak van der Waals 
forces between layers in the bulk crystals, and can thus be isolated into atomically thin monolayers 
through a range of exfoliation techniques. TMDs have gained significant interest in recent years, due 
to their thickness dependent properties rendering them useful for new and diverse applications in 
electronic and optoelectronic devices.2, 6, 15  
There are many compositions of TMDs, with the most extensively studied example being 
molybdenum disulphide (MoS2). The crystal structure of native 2H-MoS2 is hexagonal, with 
molybdenum atoms sandwiched between two layers of sulphur atoms in a trigonal prismatic bonding 
structure.6 Covalent bonds link the unit cells in two directions across a planar structure and the weak 
forces holding the layers together are easily overcome through a range of exfoliation techniques. 
2.2.2 Synthesis methods 
Free-standing monolayer TMDs can be realised through either bottom-up (synthesis) or top-down 
(exfoliation) approaches. Extensive investigation of the exfoliation process has been conducted for 
many layered materials, through techniques such as mechanical transfer,16 lithium ion intercalation17 
and solvent assisted processes.13  
Mechanical transfer involves manually peeling apart bulk crystals, using scotch-tape, to isolate 
individual layers. The scotch-tape method can produce large scale ultrathin samples, however it is 
very time consuming and not easy to scale-up.12, 18  
The method of intercalation involves the insertion of small ions into the inter-layer gaps followed by 
reaction with water, to force the layers apart. Intercalation-assisted methods are very efficient at 
producing a high yield of monolayer sheets, however the crystal quality is often compromised during 
the reactive process.17, 19, 20  
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Solvent assisted exfoliation makes use of sonication as the method for separation. Sonication-assisted 
methods tend to be less detrimental to the crystal quality, however the size and thickness of the 
product are hard to control and the yield of the exfoliation process is often quite low.13, 14 For these 
reasons, there have been extensive studies into the optimisation of liquid-phase exfoliation processes. 
The yield of 2D sheets has been significantly improved through application of different solvents and 
surfactants which help to promote the exfoliation process.21, 22 
To date, various methods for liquid-phase exfoliation of stratified TMD crystals have been 
investigated to obtain suspensions of atomically thin nanoflakes.13, 14, 22-24 There are, however, still 
challenges that deal with increasing nanosheet yield and quality, in terms of optimised size, 
stoichiometry and crystallinity.21, 25, 26  
An example of surfactant-assisted exfoliation was demonstrated by Smith et al.22 using cholate 
molecules for the successful exfoliation of layered materials. Careful selection of the surfactant and 
solvent combination introduces the possibility of biocompatible exfoliation techniques. 
2.2.3 Photoluminescence 
Many 2D TMDs show photoluminescence (PL) when they are exfoliated from their stratified bulk 
into monolayers, due to electronic band structure changes.2, 6 The most conspicuous of such PL 
emergences is seen in monolayer MoS2. MoS2 does not feature PL in its 2H bulk form due to an 
indirect bandgap. Exfoliation of the bulk MoS2, to thin layers, alters the electronic band structure such 
that an indirect-to-direct bandgap transition occurs.27 Single layer MoS2 features intense optical 
absorption, PL and a direct bandgap which is significantly wider than the bandgap of multi-layer 
MoS2.28 Pristine monolayer MoS2 displays only a modest PL yield of 0.4%,27 and certainly increasing 
this yield would improve its suitability for imaging and sensing applications. One extensively reported 
method for PL enhancement is the surface passivation of quantum dots, using a higher bandgap 
material. As such, this thesis will explore the incorporation of MoS2 into a hybrid nanostructure to 
explore the changes to its PL emission. 
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2.3 Quantum dots 
Semiconductor quantum dots (QDs) have been explored for many years, with vast improvement to 
their controlled synthesis and development of many applications. QDs have been intensely 
investigated for their interesting size dependent optical and electronic properties. These properties 
emerge due to bandgap widening when the dimensions of QDs are reduced below the exciton Bohr 
radius of the respective material.3 To date, QDs have been optimised for numerous applications 
including solar cells, light emitting diodes, sensors and bio-imaging,1, 3 with several products 
becoming commercially available. Several previously reported examples of QDs are not safe for 
commercialisation because they are toxic and unstable in many environments.1, 29 As such, alternative 
QD materials are still highly sought after. A suitable material would feature a favorable toxicological 
profile, stability in air or biological media, a high extinction coefficient and a sufficient PL yield. 
2.3.1 MoS2 quantum dots 
Confinement of the lateral dimensions of MoS2 has been shown to lead to further changes of the 
optical properties.30, 31 In particles where the radius is comparable to the exciton Bohr radius, the band 
structure is tuned by quantum confinement. The dual effects of minimised thickness and reduced 
lateral size further alter the electronic band energy of the material, resulting in shorter wavelength 
emission. Wilcoxon et al.31 found that the lateral dimensions of MoS2 have a relatively stronger effect 
on its optical properties than the thickness does. The lateral dimensions of the particles control the 
spin-orbit splitting of the valance band causing a blue shift of absorbance and emission peaks.31 
Recently, several methods have been developed to prepare MoS2 QDs that produce blue shifted PL. 
These methods make use of either electrochemical etching,32, 33 ultra-centrifugation30 or pre-defined 
starting dimensions (nanoparticles)34 to isolate small sized QDs. Very recently a solvothermal method 
was presented35 using organic solvents, but was unsuccessful in aqueous solution. 
One of the problems of MoS2 QDs, synthesised using liquid based processes, is that the procedure 
may introduce defects and also generally form metallic edges.19 These issues reduce the quality of 
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MoS2 QDs in terms of possible PL yield. A typical strategy to reduce such effects is passivation using 
a wider bandgap material, which minimally interferes with the light absorption. 
2.3.2 Surface passivation 
Surface passivation protects the core and prevents non-radiative recombination occurring in surface 
trap sites, resulting in enhanced emission from the core.10 This method has been extensively 
demonstrated for various QD compositions with different core-shell combinations.3, 10 It is believed 
that a similar coating could help to enhance the optical emission from MoS2 in 2D or QD states. 
Amongst the passivation materials, zinc sulphide (ZnS) is a popular candidate as its shelling 
properties have been successfully demonstrated against other QDs.3 Advantageously, ZnS is a stable, 
semiconducting sulphide that can exist in either of two crystal structures (i.e. sphalerite or wurtzite). 
The wurtzite crystal structure is hexagonal, with lattice parameters close to those of MoS2 
encouraging in-registry growth. Considering that ZnS is also a sulphur based compound, its synthesis 
procedures have good synergy with MoS2 synthesis processes. Therefore ZnS can potentially be a 
suitable passivation candidate for use with MoS2 QDs. 
 
Figure 2.2 Demonstrated hybrid structures of nanoparticles grown on 2D sheets as well as core-shell 
QDs suggest that it may be possible to create hybrid QDs based on a 2D core. 
2.3.3 Composite structures of exfoliated materials 
There has been a recent interest in the synthesis of composites using layered materials,9, 11 including 
nanoparticle growth on the surface of MoS2.36-39 These hybrid structures often show enhanced 
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properties compared to their individual components, making them useful in a range of applications 
such as photodetectors and catalysts.  
At the time of this PhD research, no previous examples of hybrid QDs based on MoS2 had been 
demonstrated. As such, this presents a gap in the research surrounding composite nanostructures, 
which will be investigated as a focus of this thesis. 
2.4 Particle deposition techniques 
Another important consideration when preparing nanoparticle suspensions is the translation of the 
particles into useable forms such as functional thin films. Suspensions can be used as printable inks 
for depositing films made of highly porous two-dimensional (2D) nanoflakes, with important 
applications for creating high efficiency energy conversion, sensing, semiconducting and optical 
devices.40-42 The translation of resulting nanoflakes suspensions into useable films is currently a 
matter of intense investigation, to develop reliable and scalable printing and patterning methods.43 
2.4.1 Thin films 
Traditional thin film deposition techniques from suspended particles include drop-casting and spin-
coating. These techniques usually result in non-uniform coatings of particles.44 Uneven coverage 
prevents the films from interacting with their environment in a predictable and measurable way. 
Additionally, pin holes and inhomogeneities are detrimental for the fabrication of many devices.45 
Developing uniform and controlled deposition techniques is still of high importance for metal 
sulphide nanoparticles, especially for suspensions of exfoliated 2D materials. 
2.4.2 Liquid-liquid interfaces 
Liquid-liquid interfaces have been long studied for synthesis of particles and, more recently, for 
directed film assembly.46-49 In the case of two-dimensional particles, there is a limitation in the 
orientation of the particles to lie flat at the interface.49 This provides an opportunity to establish 
continuous films from 2D nanoflake suspensions, where flakes ideally assemble into a densely-packed 
thin film through edge-to-edge or overlapping edge-to-basal face contacts. Graphene has been 
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extensively reported to form films at liquid-liquid interfaces through either emulsification or 
separation.50-54 There are also recent reports of TMD nanoflake based film formation by space-
confined self-assembly, with the exfoliated nanoflakes being injected into a pre-formed liquid-liquid 
interface.43, 55 However, the spontaneous liquid-liquid assembly of TMD based films, along with a 
patterned deposition, has not been studied. This thesis investigates a liquid-liquid assembly method 
which does not require any additional chemicals or initiators (inducing agents) which saves 
processing time and preserves the native chemistry of the nanosheets.56-58 In order to make use of the 
assembled films, extraction is a critical step which can be achieved through deposition onto a suitable 
substrate. 
2.4.3 Controlled patterned deposition 
Large scale deposition of nanomaterial films in a controlled and directed manner is critical for 
developing useable devices. This is, in particular, important for forming thin films from suspensions 
of 2D materials. The deposition of particles can be controlled by restricting the accessible locations 
through substrate patterning. 
Hydrophobic patterning for controlled deposition of graphene has been demonstrated previously by 
Wang et al.59 Yet, such possibilities have not been shown for assembled 2D TMDs. As such, the 
extraction of assembled TMD films will be explored, using the recently developed technique for 
patterned deposition of monolayer semiconductor materials.60 
In order to produce functional films with uniform coverage, large-scale 2D sheets are required, thus 
reducing the number of grain boundaries. This thesis will further investigate methods of micron-scale 
ultrathin nanosheet exfoliation. 
2.5 Quasi-stratified crystals 
Ultrathin 2D materials are produced from layered crystals such as graphite, transition metal 
dichalcogenides, boron nitride as well as many others.5 Extensive research has been conducted to 
optimise the exfoliation of individual isolated planes to produce monolayer sheets.2, 14 To continue 
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building the body of knowledge surrounding 2D nanosheets it would be beneficial to expand the 
target bulk materials to include crystals which are not fully-stratified and may possess interesting 
alternative properties. In a bid to introduce new 2D materials, exfoliation processes for alternative van 
der Waals crystals should also be investigated. 
Crystals that are weakly bonded in two directions usually favour the formation of one-dimensional 
structures.61 However, these van der Waals bonds may constitute different energies. As such, 
exfoliation of these crystals may contribute to the introduction of a new class of 2D materials. 
Monolayers formed from these crystals are expected to possess anisotropic properties due to their 
directional structures.62 As such, exploration of these alternative 2D materials could present a useful 
new category of planar structures for incorporation into devices that benefit from anisotropic 
properties. 
2.5.1 Bismuth sulphide 
Bismuth sulphide (Bi2S3) exists as an orthorhombic crystal with isolated ribbons held together by van 
der Waals forces in two directions. Among the group V-VI semiconductors, Bi2S3 has recently 
attracted attention as an emerging functional material in nano morphologies. This metal chalcogenide 
compound has been shown to demonstrate a range of useful properties for applications in 
photodetectors,63-67 photocatalysts,68-70 thin film electrodes,71 gas sensors,72, 73 thermoelectrics,62, 74, 75 
lithium ion batteries76 and solar cells.77, 78  
To date, the reports on Bi2S3 have mostly been focused on the fully stoichiometric n-type phase of this 
material. Native bulk Bi2S3 has a direct band gap of 1.3 eV.65 This value can be tuned by altering the 
dimensions of the material, increasing to values as high as 2.0 eV for Bi2S3 nanoparticles.79 In a nano 
ribbon morphology, this material has shown a photoresponsitivity exceeding 4 A/W, resulting in a 
quantum efficiency of above 850%.63 Bi2S3 based H2 gas sensors have been demonstrated with a 
response time in the order of several hours at room temperature.72 For electronics, the electron 
mobility has been reported to be in the range of 0.3 to 0.6 cm2/Vs, with on/off ratios of 102-103.65 
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However, to date there is no report on any other stoichiometric or sub-stoichiometric bismuth sulphide 
showing p-type behavior.  
2.5.2 One and two-dimensional structures 
The most common crystal structure of stoichiometric Bi2S3 is orthorhombic, with a layered structure 
made of atomic scale ribbons projected in the direction of the b-axis, which are held together by van 
der Waals forces.80 This favours formation of one-dimensional nanostructures, with many previous 
reports of synthesised nanowires,65, 67, 81 nanorods74, 82 and nanotubes.80 
Only one previous report of a two-dimensional Bi2S3 structure has been presented by Chen et al.63 In 
their work, Bi2S3 nanoribbons were synthesised using chemical approaches to form quasi two-
dimensional structures. The existence of Bi2S3 in nanoribbon morphology is an indication that 
exfoliation of highly ordered bulk crystals into large, planar nanosheets may be possible. If a 
relatively gentle approach is taken, exfoliation of the crystals should be achievable without resulting 
in complete breakdown into individual ribbons. 
 
Figure 2.3 Quasi-stratified crystals such as Bi2S3 usually form 1D nanomaterials but it may also be 
possible to exfoliate the crystals into a 2D morphology. 
It has been widely established that two-dimensional forms of materials such as graphene, phosphorene 
and transition metal dichalcogenides show vastly altered optical and electronic properties from their 
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bulk counterparts.2, 83-86 We predict that such phenomena can also be observed in two-dimensional 
bismuth sulphides, if their efficient exfoliation is achieved. To the best of our knowledge, there is no 
report of top-down exfoliation processes or formation of micron-sized ultrathin Bi2S3 sheets. Isolation 
of ultrathin sheets from orthorhombic Bi2S3 could present a range of interesting, previously 
unexplored dimension-dependent properties. 
2.5.3 Exfoliation techniques 
The bulk crystal of orthorhombic Bi2S3 displays favored cleavage along the (010) plane, since the 
planar layers are held together by weak van der Waals forces.87 Zhang et al. also report that the (040) 
plane has the lowest surface energy out of the major crystal facets.77 As a result, we predict that it is 
likely that successful exfoliation of Bi2S3 would occur parallel to this plane. However, harsh 
exfoliation conditions could possibly result in the breakdown of the planar arrangement of the ribbon-
like units, leading to the exfoliation of one-dimensional structures. Hence the exfoliation strategy has 
to be carefully designed in order to maintain the desired planar morphology. 
A variety of liquid phase exfoliation approaches have been investigated for layered materials 
including graphene and transition metal dichalcogenides.13, 21, 23, 88, 89 Many of such liquid exfoliation 
techniques are based on processes such as the intercalation of the layered entity using a highly 
reactive lithium reagent,17, 20, 90 probe sonication in a surfactant solution13, 88, 91 or a low energy 
solvent,89 and delaminating the layered material by reaction with a reducing agent like hydrazine.92, 93 
Out of such techniques, the hydrazine reduction process has distinct advantages. It is a very effective 
technique, requiring a short processing time and, more importantly, no mechanical agitation. 
Consequently, successful exfoliation can occur without resulting in the breakdown of the exfoliated 
sheets. As a result, ultrathin sheets of exfoliated material with very large lateral dimensions can be 
obtained. The hydrazine reduction process has recently been demonstrated for the exfoliation of MoS2 
by our group.93 The author hypothesises that it can also be used for the exfoliation of large sheets 
from highly ordered bismuthinite, the naturally abundant crystals of Bi2S3. 
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2.6 Summary 
Reviewing recent literature has highlighted the progress in the booming field of nanomaterial 
synthesis and applications. There has been immense research effort into morphological control during 
synthesis, with many examples of emerging nanostructured metal sulphides. However, several gaps in 
the knowledge regarding metal sulphide nanomaterial synthesis still exist. In brief, the gaps that the 
author of this thesis believes need attention include: (1) development of a biocompatible liquid 
exfoliation technique using an aqueous surfactant solution, (2) incorporation of MoS2 into a hybrid 
QD through surface coating with another metal sulphide, (3) controlled thin film deposition of 
suspended 2D nanoflakes into a uniform film and (4) exfoliation of quasi-stratified crystals into 
ultrathin 2D nanosheets. In this thesis, the author will address the identified gaps through 
development of new metal sulphide synthesis routes.  
In the following chapter, the PhD candidate will investigate biocompatible exfoliation of MoS2. She 
will then describe a novel method to convert the MoS2 into quantum dots with simultaneous ZnS 
synthesis to create hybrid quantum dots with improved photoluminescence emission. 
Chapter 4 will focus on the controlled deposition of thin films from exfoliated TMDs. The suspended 
nanoflakes will be assembled via a liquid-liquid interface, without the addition of any chemical 
modifiers. The films will be collected onto hydrophobically-treated substrates for controlled patterned 
deposition. 
The exfoliation of quasi-stratified Bi2S3 crystals will be presented in chapter 5. The author of this 
thesis will use a mechanically gentle exfoliation technique to produce micron-scale ultrathin 
nanosheets, then study the electronic and gas sensing properties of the new 2D material. 
Chapter 6 presents the final conclusions and provides some suggestions for future research. 
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Chapter 3 
Two-step synthesis of luminescent 
MoS2-ZnS hybrid quantum dots 
3.1 Introduction 
MoS2 has been recently identified as a potential quantum dot (QD) material candidate, due to its high 
stability, low toxicity, abundance and suitable optical properties.1, 2 The inherently low 
photoluminescence (PL) from ultrathin MoS2 limits its usefulness as a luminescent material for 
optical sensing. As such, the enhancement of the PL emission from MoS2 is of immediate interest in 
order to develop new optical applications. The demonstration of quantum yield enhancement, through 
passivation, in core-shell QDs is an ideal model for potential PL enhancement of other core materials. 
In this chapter, a novel and scalable synthetic method for thin MoS2-ZnS hybrid QDs is established. A 
modified surfactant assisted exfoliation technique has been developed, using the naturally occurring 
bile acid chenodeoxycholic acid (CDCA). This leads to high exfoliation yields in ethanol water 
mixtures, while maintaining a green synthesis profile and biocompatibility. I propose a novel 
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hydrothermal method, in which aqueous suspensions of exfoliated laterally large MoS2 sheets are 
broken down into QDs. This approach limits one dimension of the QDs through the pre-defined 
thickness of the precursor flakes. Advantageously, ZnS growth can be achieved simultaneously in the 
hydrothermal step. The synthesised hybrid MoS2-ZnS QDs are found to feature superior PL yields 
with emissions independent from the excitation wavelength, which is a sign of a relatively narrow size 
distribution. The hybrid QDs with stable emission properties are likely to be useful as imaging agents 
and could be tuned as nanosensors with measurable optical emission. 
The contents of this chapter have been published as an article in Nanoscale journal, 2015.3 
3.2 Experimental details 
3.2.1 Exfoliation 
A modified surfactant assisted method was used for the exfoliation of MoS2. 1 g of MoS2 powder 
(<1 µm size, 99.9% US Nano) was ground in a mortar and pestle with 1.5 mL of acetonitrile for 
15 minutes, before adding an additional 1.5 mL and grinding for a further 15 minutes. The ground 
powder was left to dry for approximately 10 minutes. Meanwhile, 7 mg of CDCA was dissolved in 
40 mL of a 50:50 v/v mixture of ethanol and water, the pH was adjusted to 10 using 30% ammonia. 
The ground MoS2 powder was then suspended in 30 mL of the CDCA solution and probe sonicated 
(QSonica, 500 W, amplitude 20%) for 90 minutes with a pulse ratio of 50:10 seconds. The resulting 
mixture was centrifuged at 4000 RPM for 90 minutes, to remove sediment powder and obtain the 
yellow-green MoS2 suspension (Figure 3.1 step 1). 
3.2.2 Hydrothermal processing 
For the 0 mM sample, 2 mL of MoS2 suspension and 8 mL of MilliQ water were mixed and the pH 
was adjusted to 10 using 30% ammonia. The mixture was stirred for 30 minutes before transferring to 
a 50 mL Teflon-lined stainless steel autoclave and kept at 140˚C for 3 hours. The autoclave was 
cooled to room temperature before transferring the products into a 15 mL tube and centrifuging at 
4000 RPM for 60 minutes.  
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For the time length study, 0 mM solutions (as described above) were heated and removed from the 
oven at varying times over the course of 24 hours. For the surfactant control study, samples were 
prepared using 2 mL of surfactant solution in place of the suspension of MoS2. 
 
Figure 3.1 Flow chart of synthetic procedure, with photos at each step, and TEM images of products: 
(a) Hydrothermal reaction supernatant. (b) Hydrothermal reaction precipitates. (c) Hydrothermal 
reaction precipitates using sediment MoS2, scale bars 200 nm. 
3.2.3 Hydrothermal processing with simultaneous ZnS growth 
A 10 mL sample was prepared using 2 mL of the exfoliated MoS2 suspension, 1 mM zinc nitrate 
hexahydrate and 2 mM L-cysteine in MilliQ water, the pH was adjusted to 10 using 30% ammonia. 
The rest of the procedure was similar to the preparation of the 0 mM sample (Figure 3.1 step 2a). The 
colourless supernatant was decanted and the white precipitate was re-suspended in MilliQ water. This 
procedure was repeated over a concentration range of 0.01 to 10 mM zinc nitrate hexahydrate with 
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L-cysteine in a molar ratio of 1:2. The samples are referred to by their zinc content, for instance the 
sample with 0.4 mM zinc nitrate hexahydrate is called “0.4 mM sample”. PL emission zinc sensitivity 
testing was performed by preparing samples from suspended MoS2 processed with neither zinc nor 
cysteine, with only 2 mM cysteine, and with only 1 mM zinc nitrate hexahydrate. PL spectra were 
collected, then 1 mM zinc nitrate hexahydrate was added to the samples that contained no zinc and PL 
was again collected. The hydrothermal processing was also repeated using sediment MoS2 in place of 
suspended MoS2 flakes (Figure 3.1 step 2b). 
3.2.4 Characterisation 
Optical characterisation of the products was performed on the suspensions, without further treatment, 
using 1 cm path length cuvettes. Ultra violet- visible spectroscopy (UV-vis) was collected with a Cary 
500 spectrometer and PL was collected using a Cary Eclipse fluorescence spectrophotometer. Particle 
size and quality were assessed by transmission electron microscopy (TEM) using a JEOL1010 
instrument (100 keV), and high resolution TEM (HRTEM) was performed using a JEOL2100F 
(80 keV). Samples were dropped onto holey carbon covered copper mesh TEM grids. Raman spectra 
(Reinshaw inVia) were collected, from samples drop-cast onto silicon substrates, using a 785 nm 
laser. The elemental composition was studied by x-ray photoelectron spectroscopy (XPS) of samples 
drop-cast on silicon substrates and also by energy dispersive x-ray spectroscopy (EDX) within the 
JEOL2100F TEM. XPS (Thermo Scientific K-alpha) was performed using an Al Kα source (λ= 
8.3386Å), with an etch step depth calculated to be approximately 2 nm. EDX was collected with an 
X-maxN 80T detector (Oxford instruments) attached to the JEOL2100F instrument. Crystal structure 
information was collected on a Bruker D4 Endeavour x-ray diffractometer (XRD) using Cu Kα 
radiation (λ= 1.5406 Å). Samples were prepared by repeated application and subsequent drying of 
each suspension onto a glass substrate, until sufficient sample coverage was achieved. Flake thickness 
was determined by atomic force microscopy (AFM) of a diluted sample dried on a silicon substrate, 
using a Bruker Dimension Icon in ScanAsyst mode. Scanning electron microscopy (SEM) was 
performed using an FEI Nova NanoSEM operating at 5 keV, to study the morphology of ZnS growth 
on MoS2 that had been drop-casted on a silicon substrate. 
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3.3 Results and discussion 
3.3.1 Exfoliation 
Suspensions prepared by surfactant assisted exfoliation show characteristic optical properties of 
typical MoS2 suspensions. The presence of CDCA does not alter the properties of the exfoliated 
MoS2, in agreement with previous reports using surfactant and biomolecule assisted exfoliation.4-6 The 
UV-vis spectrum (Figure 3.2a) shows absorbance peaks at 665 and 605 nm corresponding 
respectively to the A and B transitions to the split valence band,7-9 as well as a broad absorbance with 
peaks at approximately 445 and 400 nm corresponding to the C and D transitions.5, 10 
Commonly reported PL emission for monolayer MoS2 of large lateral dimension is between 620-
670 nm.7, 8, 11, 12 However, for these flakes PL spectroscopy (Figure 3.2b) gives a broad, weak 
emission between 350-450 nm, indicating that the exfoliated material is not made of large monolayer 
sheets. Such high energy peaks have been reported previously13-15 for small sized MoS2 flakes, 
indicating that the lateral dimensions should be less than 150 nm. However, broad emission indicates 
polydispersity of sheets’ lateral dimensions. The blue shifted peak is ascribed to the hot PL from the 
K point of the Brillouin zone.15 The presence of PL indicates the existence of many MoS2 sheets being 
less than five monolayers thick.  
The thickness of the exfoliated flakes was determined by AFM imaging (Figure 3.3). Measurement of 
80 separate flakes resulted in thicknesses of 0.7-2.8 nm, with the majority corresponding to thickness 
of two layers of MoS2. To assess the dimensions, a series of TEM images (including Figure 3.2c) 
were studied, measurements indicate that the sheets span a broad range of sizes from 30 to 500 nm. 
Raman spectroscopy (Figure 3.2d) of the suspension drop-cast onto a silicon substrate shows 
characteristic peaks at 409.5 and 384.7 cm-1.16, 17 These correspond to the A1g out-of-plane and E12g in-
plane vibrations respectively. The shift of the E12g peak in the suspension sample, compared to the 
sediment, indicates that the exfoliated flakes are made up of very few layers of MoS2.18 The peak that 
appears with the center at 391 cm-1 is associated with partial oxidation of the flakes that occurs during 
the surfactant assisted exfoliation process.19 
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 Figure 3.2 Characterisation of the exfoliated MoS2 suspension: (a) UV-vis spectrum. (b) PL emission 
spectrum using 300 nm excitation. (c) TEM image of MoS2 suspension on holey carbon grid, scale 
bar 200 nm. Inset SAED pattern of the flake in (c) showing (100) diffraction spots, scale bar 2 nm-1. 
(d) Raman spectrum, of sediment (black) and suspension (blue) from exfoliation, peaks have been 
normalised by maximum intensity and offset for ease of comparison. (e) XPS trace of Mo 3d energy 
range with peaks fitted to the Mo6+ and Mo4+ oxidation states. (f) XRD patterns of sediment (black) 
and suspension (blue) from exfoliation, peaks have been normalised and offset for comparison. 
 
Figure 3.3 AFM characterisation of exfoliated MoS2. (a) AFM image. (b) Flake height histogram of 
80 flakes in (a). 
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XPS characterisation (Figures 3.2e and 3.4) of the drop-cast flakes on silicon shows two overlapping 
doublets in the Mo 3d energy range. These are assigned to Mo6+ with 3d5/2 at 231.4 eV and 3d3/2 at 
234.6 eV and the expected Mo4+ peaks with 3d5/2 at 229.2 eV and 3d3/2 at 232.6 eV for Mo in MoS2.8, 
20 The presence of Mo 3d peaks for both oxidation states suggests that the sample is partially oxidised, 
in agreement with the Raman spectrum. 
 
Figure 3.4 XPS etch level analysis of exfoliated MoS2: (a) Mo 3d energy range at different etch levels 
showing Mo6+ at the surface and the evolution of the peaks for Mo4+. (b) Atomic percentage profile of 
Mo6+ (oxide) and Mo4+ (sulphide). 
The crystal structure of the material was studied by Wide-Angle XRD (Figure 3.2f). Patterns collected 
from the sediment MoS2 (settled by centrifugation of the exfoliation mixture), and the drop-cast 
suspension of exfoliated MoS2, differ from each other. The sediment powder closely matches the 
expected pattern for 2H-MoS2 (ICCD No. [00-037-1492]). Peaks occur at 14.7˚ (002), 39.9˚ (103), 
44.5˚ (006), 50.1˚ (105), 58.6˚ (110) and 60.4˚ (008) in good agreement with the reference pattern. 
This indicates that there has been no change to the crystal structure of the bulk material during the 
CDCA assisted exfoliation. However, the film made from suspension of exfoliated flakes gives a 
diffraction profile that does not match the expected MoS2 pattern. A relatively large shift of the (002) 
peak was seen to occur from 14.7° to 9.9°. This change is expected to occur during the exfoliation 
process as a result of possible insertion of CDCA molecules between the layers, effectively increasing 
the interlayer spacing of the (002) plane from 0.6 nm to approximately 0.9 nm, which has been 
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similarly reported by others.21 Sharp peaks indicate that the flakes are highly crystalline. The broad 
feature centered at approximately 28° appears due to the glass substrate, it is not an indication of poor 
crystallinity of the sample itself. 
 
Figure 3.5 HRTEM of exfoliated MoS2: (a) MoS2 flake, scale bar 5 nm. Inset lower magnification, 
scale bar 20 nm. (b) HRTEM showing MoS2 lattice with characteristic (100) d spacing of 0.27 nm and 
(110) d spacing of 0.16 nm, scale bar 2 nm. Inset SAED pattern of exfoliated MoS2 showing 
diffraction spots for (100) and (110) planes, scale bar 5 nm-1. 
Figure 3.5a presents a TEM image of a large exfoliated flake. HRTEM (Figure 3.5b) shows defect 
free crystal lattice with (100) d spacing of 0.27 nm and (110) d spacing of 0.16 nm,12 in agreement 
with the diffraction spots in the selected area electron diffraction (SAED) pattern (Figure 3.5b inset). 
This confirms that the crystal structure of the suspended flakes was not significantly altered during the 
surfactant assisted exfoliation. 
34 
 
3.3.2 Hydrothermal processing 
The suspension of exfoliated MoS2 was processed in a hydrothermal reaction, as described in the 
Experimental section 3.2.2. The resulting MoS2 QDs were characterised by HRTEM imaging. It was 
observed that most of the particles have close to 5 nm diameter, however large particles are also 
observed when the well-defined QDs accumulate together (as shown in section 3.3.3). 
The MoS2 QDs have PL emission at 380 nm, with increased intensity relative to the PL from the 
suspension of exfoliated flakes (before hydrothermal processing). This break-down to small particles 
with blue-shifted PL is consistent with previous reports on hydrothermal processing of graphene22 and 
solvothermal processing of MoS2.23 Interestingly, in this case, the emission wavelength is independent 
from the excitation wavelength (as discussed in section 3.3.3), in contrast to several previous reports 
of excitation dependent emission.24-26This dependence on excitation wavelength is assigned to 
polydispersity of the sample, with different sized particles causing different emissions. A recent report 
of highly monodisperse QDs synthesised from MoS2 nanoparticles27 also shows excitation wavelength 
independent emission. 
The relationship between the hydrothermal reaction length and PL intensity was studied. It is 
observed that initially hydrothermal treatment of the MoS2 flakes slightly reduces the emission 
intensity, however longer reaction times (>1.5 hours) increase the emission intensity (Figure 3.6). The 
intensity is believed to be associated with the number of QD sized particles produced, with longer 
reaction time causing more complete break-down of the flakes. 
 
Figure 3.6 PL emission from MoS2 QDs hydrothermally processed for different lengths of time. 
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3.3.3 Hydrothermal processing with simultaneous ZnS growth 
ZnS was grown separately in the presence of sediment or exfoliated MoS2 via a hydrothermal 
reaction, using zinc nitrate hexahydrate and L-cysteine as described in the Experimental section 3.2.3. 
Sediment MoS2 was first used for studying the nucleation of ZnS onto larger MoS2 particles. SEM 
and TEM characterisations (Figures 3.1c and 3.7) show large (250 nm diameter) ZnS structures 
forming from small crystallites (5 nm diameter), some of which nucleated on the MoS2 surface. The 
SAED (Figure 3.7e) shows hexagonally arranged spots diffracted from the MoS2 crystal and a ring 
diffracted from polycrystalline ZnS. Dark field images collect from selecting a single spot and part of 
the ring (Figures 3.7f and g, respectively) give information about the location of each material in the 
products. It can be seen that ZnS balls have been formed on the surface of the sediment MoS2, and 
that each ball is made up of small randomly oriented crystalline ZnS regions.  
 
Figure 3.7 Characterisation of hydrothermal reaction precipitates using sediment MoS2: (a) SEM, 
scale bar 100 nm. (b) TEM, scale bar 100 nm. (c) TEM, scale bar 50 nm. (d) TEM, scale bar 5 nm. (e) 
SAED of area shown in (h), scale bar 2 nm-1. (f) Dark field image from spot in (e) showing 
distribution of MoS2, scale bar 200 nm. (g) Dark field image from ring in (e) showing distribution of 
ZnS, scale bar 200 nm. (h) TEM, scale bar 200 nm. 
Hydrothermal synthesis of ZnS in the presence of the exfoliated MoS2 flakes was performed over a 
broad zinc concentration range as discussed in the Experimental section. The products were 
centrifuged at 4000 RPM to separate large precipitates (Figures 3.1b) from smaller particles that 
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remain in suspension (Figure 3.1a). The precipitates were characterised by TEM and XPS (Figures 
3.1b and 3.8) and were determined to be ZnS spheres of 200-300 nm diameter. PL spectroscopy (not 
shown) did not give any significant emission from the precipitates. XPS analysis confirms that these 
particles don’t contain significant amounts of Mo (Figure 3.8c) which indicates that most of the Mo 
should still be present in the supernatant. As such, the supernatants became the focus of further 
characterisation to determine if MoS2-ZnS composites had been successfully produced. 
 
Figure 3.8 Characterisation of hydrothermal reaction precipitates: (a) TEM image showing spheres of 
200-300 nm diameter, scale bar 200 nm. (b) XPS trace of Zn 2p energy range. (c) XPS trace of Mo 3d 
energy range showing absence of Mo. 
TEM images of the hydrothermal reaction supernatants (Figures 3.1a and 3.9) show that the ZnS 
seems to anchor the MoS2 QDs together to form larger, sub-micron, agglomerates with width 20-
30 nm and length <100 nm. The varying zinc concentration doesn’t have any major effect on the 
structure of the particles, however increased amounts of dark regions in the TEM images (Figure 3.9) 
indicates thicker particles when the ZnS content is increased. Higher magnification of the 1.0 mM 
sample, using HRTEM (Figure 3.10), shows very small, randomly oriented crystalline regions within 
the larger structures. Dynamic light scattering (DLS) (Figure 3.10 inset) reveal individual particles 
with an average diameter of approximately 6 nm.  
In Figure 3.11c the interference of two overlapping materials can be clearly seen. When fast Fourier 
transform (FFT) processing is conducted, two separate hexagons are evident (Figure 3.11d). The 
diameters of the two rings, 6.1 and 12.5 nm-1, correspond to ZnS (100) and MoS2 (110), respectively. 
Applying a mask to each, and performing inverse FFT shows the distribution of each material in the 
hybrid QD (Figure 3.11e and f). It is believed that the MoS2 flakes have been broken to monodisperse 
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QDs as can be seen in Figure 3.11a and, when the precursors are present, ZnS has simultaneously 
grown on their surface (Figure 3.11b). This morphology is consistent with similar small crystallites 
which grew on the surface of MoS2 sediment, joining to form large ZnS balls (Figure 3.7d). 
 
Figure 3.9 TEM characterisation of hydrothermal reaction supernatants: (a, c, e and g) 0.4, 0.6, 0.8 
and 1.0 mM samples, scale bars 500 nm. (b, d, f and h) Higher magnification of the outlined square 
regions in (a, c, e and g), scale bars 100 nm. 
It is believed that surface defects on the layered MoS2 provide sites for nucleation of ZnS. L-cysteine 
molecules assemble on the MoS2 surface, and then act as a sulphur source for the growth of ZnS. The 
synergy of the two hexagonal crystal structures means that ZnS may likely form a layer on top of the 
MoS2 basal plane.  
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 Figure 3.10 HRTEM of 1 mM sample with outlines of some single particles, scale bar 20nm. Inset 
number weighted radius statistics from DLS of 1 mM sample. 
 
Figure 3.11 HRTEM of hydrothermal reaction supernatants: (a) 0 mM sample, scale bar 20 nm. Inset 
higher magnification of two particles, scale bar 2 nm. (b) 1.0 mM sample, scale bar 20 nm. (c) Higher 
magnification of a hybrid MoS2-ZnS QD in the 1.0 mM sample, scale bar 2 nm. (d) FFT pattern of 
selected region from (c). (e) Masked region with diameter of 6.1 nm-1 and inverse FFT for ZnS (100). 
(f) Masked region with diameter of 12.5 nm-1 and inverse FFT for MoS2 (110). 
39 
 
The EDX analysis (Figure 3.12a) gives large peaks for copper from the TEM grid. Closer inspection 
of the baseline (Figure 3.12b-d) shows the presence of molybdenum, sulphur and zinc. The presence 
of ZnS is confirmed by the XRD pattern which is presented in Figure 3.13. 
 
Figure 3.12 EDX analysis of 0.4 mM hydrothermal reaction supernatant: (a) Full analysis energy 
range. (b) Magnified baseline showing elemental composition. (c) Region showing overlap of the Mo 
La and S Ka peaks. (d) Region showing Zn peaks close to the intense Cu peaks from the grid. 
XPS analysis of the supernatants shows molybdenum to be present in two different oxidation states in 
all of the samples (Figure 3.14a, d and g). This is due to partial oxidation as previously mentioned. 
The peak area ratio between the Mo6+ (blue) and Mo4+ (green) states indicates the extent of oxidation 
of each sample. Sulphur appears in two different states in all samples (Figure 3.14b, e and h), the peak 
at 169 eV is due to oxidised material and the peak at 162 eV is due to S2- present in MoS2 and ZnS. 
The increased relative intensity of the S2- 2p peak (green) indicates that the sample is more reduced 
when zinc is present.8, 28 Zinc is absent in the 0 mM sample, and is present as Zn2+ in the other 
samples (Figure 3.14c, f and i), as expected. 
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 Figure 3.13 XRD patterns of exfoliated MoS2 flakes (black), 0.8 mM sample (blue) and L-cysteine 
(green), peaks have been normalized by intensity and offset for ease of comparison. The broad feature 
centred at approximately 28° is due to the glass substrates. The 0.8 mM sample has peaks at 9.6 and 
17.5° from exfoliated MoS2, and additional peaks at 27.2 and 46.8° from ZnS.29 Consideration of 
possible sources found that the prominent peak at 23.0° may be due to unreacted L-cysteine. 
 
Figure 3.14 XPS characterisation of hydrothermal reaction supernatants: (a, b and c) 0.0 mM, (d, e 
and f) 0.4 mM, (g, h and i) 1.0 mM samples. Mo6+ peaks shown in blue and Mo4+ peaks shown in 
green, 3d5/2 solid and 3d3/2 dashed. S6+ peaks shown in blue and S2- peaks shown in green, 2p3/2 solid 
and 2p1/2 dashed. 
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The PL emission from the product supernatants was collected at several excitation wavelengths 
(Figure 3.15). The emission from each sample was found to be uniform and independent from the 
excitation wavelength (Figures 3.15 and 3.16a). 
 
Figure 3.15 PL emission from hydrothermal reaction supernatants at excitation wavelengths of 250, 
300, 350 and 400 nm from 0.0, 0.4, 0.6, 0.8 and 1.0 mM samples. 
In contrast to a report by Gan et al.,24 PL collected four weeks after my sample preparation gave the 
same emission wavelength and intensity as the original measurements (Figure 3.16a inset), indicating 
that the samples are very stable. 
Except for the 0 mM sample, that only has one peak centered at 380 nm, all hybrid samples are found 
to have two peaks around 380 and 450 nm, with the peak intensity varying in samples with different 
zinc concentration (Figure 3.16b). As the peak at 380 nm (Peak A) is present when there is 0 mM 
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zinc, it is assigned to the MoS2 emission. As shown in Figure 3.16c, the intensity of peak A is 
reasonably unaffected by the zinc concentration from 0.01  to 1 mM with only slight fluctuations, the 
emission is severely reduced when 5 mM is exceeded. This indicates that the emission from MoS2 is 
reduced by the ZnS when in excess, perhaps due to the fact that the majority of photons are absorbed 
by the ZnS.  
 
Figure 3.16 PL emission from hydrothermal reaction supernatants: (a) PL emission from 0.8 mM 
sample with excitation wavelengths of 250, 275, 300, 325, 350, 375 and 400 nm. Inset PL emission 
from fresh and aged (4 weeks) 0.8 mM sample using 250 nm excitation. (b) PL emission from 0, 0.4, 
0.6, 0.8 and 1.0 mM samples, using 300 nm excitation. PL emission from all samples at other 
excitation wavelengths is presented in Figure S10. (c) Peak A (380 nm emission) intensity as a 
function of zinc concentration at excitation wavelengths of 250, 275, 300 and 325 nm. (d) Peak B 
(450 nm emission) intensity as a function of zinc concentration at excitation wavelengths of 250, 275, 
300, 325, 350, 375 and 400 nm. 
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The peak at 450 nm (Peak B) is not present for 0 mM zinc, and increases in intensity as the 
concentration of zinc is increased (Figure 3.16b). As such, it is expected that peak B is caused by the 
formation of ZnS onto the MoS2. PL from ZnS, at wavelengths close to 450 nm, has been recently 
reported.29 As shown in Figure 3.16d, the intensity of peak B changes with zinc concentration and the 
optimum emission intensity is reliant on the excitation wavelength used. For shorter wavelengths, the 
most intense emission is seen with 1.0 mM zinc. With longer excitation wavelengths, the maximum 
emission is achieved with 5.0 mM zinc. These results indicate that MoS2 excitation is competing at 
shorter wavelengths, but at longer wavelengths the bandgap energy of MoS2 is not overcome, only 
ZnS is excited and hence, more emission is produced. 
 
Figure 3.17 PL emission from products, before and after mixing with zinc nitrate hexahydrate. 
To confirm that peak B is from the reaction products, and not produced by mixing zinc nitrate 
hexahydrate with the products, a PL sensitivity test was conducted (as described in the Experimental 
section 3.2.3). The results (Figure 3.17) indicate that peak B is only present when MoS2 is processed 
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with both L-cysteine and zinc nitrate hexahydrate. The peak does not appear when zinc is added to the 
zinc-free products after the reaction, indicating that the emission at 450 nm is from the product ZnS 
formed during the hydrothermal reaction.  
PL emission from possible by-products of the reaction were ruled out by investigating hydrothermal 
processing of the surfactant solution without the addition of MoS2, resulting in no emission (Figure 
3.18). ZnS was also grown in the presence of CDCA surfactant solution containing no MoS2 and this 
produced luminescent ZnS with lower quantum yield than from either the bare or hybrid QDs (Figure 
3.18). 
 
Figure 3.18 PL emission from surfactant solution and product suspensions, where HP stands for 
hydrothermal processing. 
The quantum yield of the 0.8 mM sample was calculated (Table 3.1) to be 1.96%, using quinine 
sulphate in 0.1 M H2SO4 as a reference. This is higher than previously reported (~0.4%) for MoS2 
monolayers7 and for QDs of MoS2 synthesised from bulk powder (0.3%)24 or synthesised from 
monodisperse nanoparticles (1.3%).27 The PL quantum yield from the hybrid QDs is much higher than 
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for the bare MoS2 QDs or the exfoliated flakes, as can be seen in Figure 3.18. It seems that the 
presence of ZnS is enhancing the quantum yield by providing an alternative recombination pathway. 
Such recombination pathways have also been proposed in a core-shell QD study.30 
Table 3.1 Quantum yield estimations. 
Sample Solvent Refractive Index Absorbance at 320 nm 
Integrated 
emission 
Quantum 
Yield 
Quinine 
sulphate 
0.1 M 
H2SO4 
1.33 0.0937 51806.6 54%31 
0.8 mM 
sample MilliQ 1.33 0.0905 1815.6 1.96% 
 
This simple process for synthesising hybrid QDs with strong PL emission provides a pathway to 
realising a multitude of optical sensors. Through further functionalisation, it is believed that these 
materials could become sensitive to a large variety of analytes. The introduction of a double peak in 
the emission spectrum could provide a means for isolation of the two emission wavelengths, with the 
possibility of introducing sensitivity at one wavelength and using the other wavelength as a reference 
standard. 
3.4 Conclusions 
MoS2 was exfoliated with a high yield of flakes, in a water and ethanol solution using CDCA 
surfactant. The hydrothermal processing was shown to break-down the flakes into QDs and result in 
enhanced optical properties due to quantum confinement. For producing the hybrids, ZnS was formed 
simultaneously during the hydrothermal process, and has been shown to grow onto large MoS2 
sediment as well as onto MoS2 QDs. ZnS grew in the form of balls made of small crystallites onto the 
MoS2 sediment, but on MoS2 QDs, ZnS formed thin layers, that sometimes fused the QDs into sub-
micron hybrids. The PL from the hybrid QD products is enhanced (maximum quantum yield of 
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1.96%) compared to the bare MoS2 flakes or QDs, indicating that this composite material could be 
potentially useful for effective optical imaging or sensing applications. I have presented the first 
report on a hydrothermal process for forming MoS2-ZnS hybrid QDs. Processes may be similarly 
adopted for forming other metal chalcogenide or oxide compounds onto MoS2 for obtaining 
interesting composites with a plethora of functionalities. 
In the following chapter, I will investigate methods to deposit colloidal particles into uniform thin 
films. An alternative to the inconsistent method of drop casting, which provides films of densely-
packed particles over large areas, is presented. 
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Chapter 4 
Patterned films from exfoliated  
two-dimensional transition metal 
dichalcogenides assembled at a 
liquid-liquid interface 
4.1 Introduction 
The translation of exfoliated nanoflake suspensions into useable films is currently a matter of intense 
investigation, to develop reliable and scalable printing and patterning methods.1 A more reliable 
deposition technique is explored, in order to provide an alternative to traditional methods such as drop 
casting and spin coating.2-5 The controlled deposition and patterning of macroscopic thin films from 
exfoliated transition metal dichalcogenides (TMDs) is investigated, using a liquid-liquid interface 
method. 
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In this chapter, I report a facile method where an interface is formed directly using the suspension of 
exfoliated TMDs. I show that this method works successfully for the two most common TMDs, 
molybdenum disulphide (MoS2) and tungsten disulphide (WS2). I also investigate controlled 
deposition by implementing a range of patterned substrates. Finally, composite films were also 
achieved by the incorporation of different TMDs into mixed films. Mixing two suspensions prior to 
film assembly provides a simple pathway to forming a heterofilm. 
The new method produces concentrated, close-packed films with good uniformities which can be 
deposited in a controlled pattern over relatively large surface areas. 
The contents of this chapter have been published as an article in Journal of Materials Chemistry C.6 
4.2 Experimental details 
4.2.1 Materials 
Molybdenum disulphide (99.9%) was purchased from US Nano and rhenium disulphide (99%) was 
purchased from Alfa Aesar. Tungsten disulphide (99%), dimethyl formamide (DMF) (99.8%), 
octadecene (ODE) (90%) and 1H, 1H, 2H, 2H-Perfluorodecyl triethoxysilane (PFDTES) (97%) were 
purchased from Sigma Aldrich. 
4.2.2 Exfoliation 
Suspensions of TMDs were prepared in DMF. In brief, the bulk TMD powders were ground in a 
mortar and pestle with 2 mL DMF for 15 minutes before suspending in further 10 mL of DMF. The 
mixtures were then probe sonicated for 90 minutes with an on-off pulse ratio of 25:5 seconds. The 
mixture is then centrifuged at 2500 RCF for 60 minutes to remove remaining the bulk powders, and 
the suspensions of nanosheets were extracted. 
4.2.3 Liquid-liquid interface 
Octadecene was added to the nanoflake suspensions and the mixtures were shaken (Figure 4.1). When 
allowed to settle, these nanoflakes assembled at the liquid-liquid interface (Figure 4.1). These samples 
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were stored in plastic tubes because, when stored in glass, the particles were attracted to the walls of 
the vial. The assembled films were directly extracted from the liquid-liquid interface by dipping 
substrates into the interfaces (Figure 4.1), the substrates were dried on a hotplate at 90°C to evaporate 
solvent and increase the adherence of the films to the substrates. 
 
Figure 4.1 Method schematic showing exfoliation, liquid-liquid interface formation, film assembly 
and film deposition by dip technique. 
4.2.4 Substrate patterning 
Controlled patterned films are produced by first forming hydrophobic-hydrophilic patterned substrates 
(Figure 4.2), as reported previously by our group.7 Photolithography is used to create a patterned 
photoresist, followed by exposure to PFDTES for hydrophobic treatment. The photoresist is then 
removed, to uncover the non-treated areas. (Figure 4.2) 
52 
 
 Figure 4.2 Substrate patterning technique schematic showing photolithography, hydrophobic 
treatment and patterned film deposition. Optical image of the resulting striped MoS2 patterned film. 
4.2.5 Characterisation 
The prepared films were studied by optical and electron microscopy, Raman spectroscopy and x-ray 
diffraction (XRD). Films were deposited on various substrates for characterisation. The transition 
electron microscopy (TEM) sample was prepared by collecting a section of the suspended film using a 
small wire loop. The particles were allowed to reassemble and the film was transferred by lowering 
the wire loop onto a carbon coated TEM grid. TEM was conducted using a JEOL 1010 instrument 
(100 kV). Zeta potential measurements were performed using a Malvern Nano ZS zetasizer. Raman 
and photoluminescence (PL) spectroscopy were conducted with a Horiba Scientific LabRAM HR 
evolution system using a 532 nm laser. XRD patterns were collected from films dried on glass, using 
a Bruker D4 Endeavour with Cu Kα radiation of 1.5406 Å. Optical images were collected using a 
Leica DM2500 M microscope with CCD camera. An FEI Quanta scanning electron microscope 
(SEM) was used for SEM imaging. Atomic force microscopy (AFM) was performed using a Bruker 
Dimension Icon in tapping mode. 
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4.3 Results and discussion 
4.3.1 Nanoflake assembly 
Suspensions of exfoliated two-dimensional (2D) MoS2, WS2 and ReS2 were prepared by grinding and 
then probe sonication in DMF. The liquid-liquid interface particle assembly is achieved by combining 
the nanoflake suspensions with ODE, there are no further chemical initiators or solvents introduced to 
the mixture. When ODE is added and the mixture is shaken, as shown in Figure 4.1, the particles 
assemble at the liquid-liquid interface formed between DMF and ODE. Initially, when the ODE is 
added to the top of the nanoflake suspension, there is no apparent film formation at the interface 
between the two solvents. Shaking the mixture causes bubbles and increases the interaction surface 
area, allowing the ODE to interact more efficiently with the suspension. The suspended nanoflakes 
are drawn to the liquid-liquid interface, resulting in a coating of nanoflakes on the surface of the 
bubbles. When the mixture is allowed to settle and the bubbles burst, the nanoflakes are confined at 
the uniform planar liquid-liquid interface, as displayed in Figure 4.1. 
The nanoflakes assemble at the interface and can be densely-packed to form a saturated surface due to 
the overall decrease in the interfacial surface energy.8-10 Capillary forces arising from the electric field 
surrounding the particles at a polar/non-polar interface help to stabilise the attraction-repulsion 
interaction between like particles.11 It is believed that 2D nanomaterials behave differently to 
spherical nanoparticles at a liquid-liquid interface, because they are confined to movement in the 
plane of the interface and are not able to rotate out of plane.12 This possible planar edge-to-edge 
assembly results in a reduction in the liquid-liquid interfacial area, and occurs spontaneously to form a 
stable lower energy arrangement. The assembled films were extracted from the liquid-liquid interface 
for further analysis and characterisation. 
For comparison, TEM analysis of the nanoflake suspensions drop-cast onto carbon coated grids 
(Figure 4.3a and e) shows several particles dispersed in a random fashion. When the assembled films 
are deposited onto TEM grids (Figure 4.3b, c, f and g) long range order is observed in the 
arrangement of the particles into densely packed films. It seems that edge-to-edge repulsion mostly 
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prevents restacking of the flakes,13 and results in a thin film of individual particles for MoS2 (Figure 
4.3b and c) and WS2 (Figure 4.3f and g). ReS2 nanoflakes were found to agglomerate at the interface 
and not form large scale thin films, as displayed in Figure 4.4. The inset selected area electron 
diffraction (SAED) patterns confirm the crystallinity of the flakes in the films, with spots 
corresponding to the (100) and (110) planes. 
 
Figure 4.3 TEM analysis of a-d) MoS2 and e-h) WS2. a and e), drop cast exfoliated nanoflakes. b and 
f), low magnification of assembled films showing coverage (inset SAED patterns). c and g), higher 
magnification of films showing particle assembly. d and h), histograms of the lateral dimensions of 
the nanoflakes. 
 
Figure 4.4 TEM of ReS2 suspension and assembled film, showing agglomeration. 
Measurements of the lateral dimensions of the exfoliated nanoflakes (Figure 4.3d and h) show that the 
majority of the flakes fall within the range of 50-250 nm for each material. 
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 Figure 4.5 Zeta potential measurements for MoS2, WS2 and ReS2 suspended in DMF. 
Zeta potential measurements (Figure 4.5) were performed to further study the behaviour of the 
nanoflakes suspended in DMF. For MoS2 and WS2 sharp peaks were observed centred at values of -
31.3 and -20.5 mV, respectively. The measurement for ReS2 gave a broad peak centred at -28.4 mV, 
which spanned from positive values down as far as -70 mV. This broad zeta potential range indicates 
instability and is expected to be responsible for the agglomeration of ReS2. The stability of the 
assembled films should be easily controlled by addition of stabilising surfactant ligands. However in 
this investigation any chemical modification was avoided to maintain the optical and electrical 
properties of the flakes, in order to obtain films of desired qualities for functional applications. 
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 Figure 4.6 Raman spectra of a) MoS2 and b) WS2 bulk (solid lines) and exfoliated (dotted lines). c) 
XRD patterns of assembled films of MoS2 (black) and WS2 (blue). Data has been normalised for 
comparison. 
The exfoliated TMDs were drop cast on Si substrates and characterised by Raman spectroscopy, as 
shown in Figure 4.6a and b. The exfoliated MoS2 shows Raman peaks shifted compared to the bulk 
powder. Sharp peaks appear at 383.0 and 408.1 cm-1, which correspond to the E12g and A1g peaks 
respectively. The gap between the two peaks is 26.1 cm-1 in the bulk, and reduces to 25.1 cm-1 in the 
exfoliated flakes. The shift of the E12g peak to a higher wavenumber is associated with the sheet 
thickness reduction, however the location of the A1g vibrational band in the bulk powder appears at a 
lower wavenumber than previously reported.14, 15 Overall, a reduction of one wavenumber in the 
distance between the Raman peaks indicates that the nanoflakes should be no thicker than 5 layers.15 
The Raman peaks of WS2 appear at 350.2 cm-1 for the E2g and 420.1 cm-1 for the A1g peaks, as 
reported previously.16 The shift of the A1g peak from 416.0 to 420.1 cm-1, along with the A1g: E12g peak 
intensity ratio increase from 0.6 to 1.6 are indicators of ultrathin WS2. This peak intensity ratio is 
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indicative of ultrathin WS2 with no more than 2 fundamental layers.16 As shown in Figure 4.7, the 
ReS2 Raman peaks are observed at 151.8, 161.1 and 212.2 cm-1, matching previously observed peaks 
for Eg and Ag-like vibrations.17, 18 
 
Figure 4.7 a) Raman spectrum of exfoliated ReS2. b) XRD pattern of exfoliated ReS2 and photo of 
free-formed films of MoS2, WS2 and ReS2 on glass for XRD analysis, scale bar 1 cm. 
A free-formed macroscopic film of each material was collected on a glass substrate, as displayed in 
Figure 4.7. The XRD patterns collected from the films are presented in Figure 4.6c. MoS2 and WS2 
have prominent (002) peaks at 14.7 and 14.6°2θ respectively.19, 20 ReS2 has (001) peak at 14.9°2θ, as 
displayed in Figure 4.7b.17 In each case, a prominent peak is observed for the basal plane of the two-
dimensional material, indicating that the particle arrangement in the flat orientation is preferential for 
all materials. 
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4.3.2 Controlled film deposition 
When solid substrates are dipped into the liquid-liquid interface, the assembled particles form a film 
as shown in Figure 4.7. However, more controlled film deposition is crucial for achieving useful 
uniform films. Here we make use of hydrophobic substrate patterning, as has been demonstrated in a 
similar approach for patterned graphene film deposition.21 
The patterning process, as demonstrated in Figure 4.2, makes use of photolithography for controlled 
patterned photoresist, followed by hydrophobic treatment using PFDTES (as detailed in the 
Experimental section 4.2.4). Once the photoresist has been lifted-off, the hydrophobic patterned 
substrate is achieved. A photo of an example of a hydrophobic patterned substrate is displayed in 
Figure 4.8, showing the wet substrate with droplets of water confined to the non-treated areas. 
 
Figure 4.8 Photo of an example of a hydrophobic patterned substrate wet with water, scale bar 5 mm. 
These treated substrates were dipped into the assembled film, inside a plastic tube, to achieve 
patterned films (Figure 4.2). The nanoflakes deposited in the non-treated areas and established 
densely-packed films, with well-defined edges observed at the hydrophobic boundaries (Figure 4.2 
and 4.9).  
The patterned films were characterised to determine the uniformity of the developed films. Optical 
imaging (Figure 4.9a and e) shows that large-scale films have been achieved, showing distinct 
horizontal edges that correspond to the hydrophobic constraints. It is observed by SEM (Figure 4.9b 
and f), that the films are made up from a densely-packed assembly of small nanoflakes. At this stage, 
it appears as though the film quality is limited by the quality of the nanoflake suspension, however 
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optimisation of the exfoliation process is outside the scope of this work. If large, ultrathin sheets were 
used, the film should be thin and have less overlapping grain edges.  
AFM analysis of the thin films (Figure 4.9c and g) shows the arrangement of individual nanoflakes in 
the films. The step-edges are close to 20 nm high for MoS2 and 10 nm high for WS2 (Figure 4.9d). 
Both samples have a large 0 nm thickness peak, corresponding to the substrate, and WS2 shows a 
narrower height distribution than MoS2, indicating that the WS2 film is more uniform in thickness 
(Figure 4.9h). As mentioned previously, optimisation of the exfoliation process for ultrathin 
nanoflakes should result in more uniform films being achieved.  
 
Figure 4.9 Deposited film characterisation of a-c) MoS2 and e-g) WS2. a and e), optical images 
showing a horizontal hydrophobic edge. b and f), SEM images. c and g), AFM images. d, height 
profiles of the film edge and h) height distribution over a 50 µm2 area of the film for MoS2 (black) 
and WS2 (blue). 
Patterned ReS2 films are also presented in Figure 4.10, however a large scale film was not established 
due to particle agglomeration, as discussed previously. In Figure 4.11, MoS2 and ReS2 film deposition 
is directly compared by using substrates with the same pattern. MoS2 is shown to spread into a thin 
film that evenly fills a large area, whilst ReS2 is observed to group together into a thicker, less 
uniform film, which does not fill the pattern to the hydrophobic boundaries. 
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 Figure 4.10 ReS2 patterned films that don’t follow the hydrophobic patterning well. a) optical image 
of horizontal patterned film, b) optical of spot patterned film, c) SEM image of same area as a), d) 
AFM image, e) AFM profile and f) AFM height statistics. The thickness of the film is much higher 
and has a wider height distribution than for MoS2 and WS2 films because of particle agglomeration. 
 
Figure 4.11 Example of the same patterned ReS2 (top) and MoS2 (bottom) film, showing MoS2 forms 
a much larger, more uniform film. 
61 
 
Examples of other patterns, such as stripes and spots, are also presented (Figures 4.2 and 4.12). These 
images highlight the possibility of long range patterning, with films being confined within the 
patterned domains. The size of the domains also impacts the quality of the deposited film. When the 
deposition is confined to very small areas, the particles are deposited in a more random way. This is 
believed to reflect the behaviour of the solvent during the dipping and drying steps. In large areas, the 
particles are deposited and the solvent is more mobile on the substrate as it is lifted from the liquid-
liquid interface. With very small patterns, the solvent becomes trapped in the confined regions and 
subsequent drying results in particles being deposited in a dried drop type residue. There are also 
discrepancies between film quality on different substrates and in regions of the same substrate (Figure 
4.12), which highlights the importance of the substrates’ surface properties. Robotic dip techniques 
might also help to control dip angle and velocity to maintain a uniform deposition.22 
 
Figure 4.12 Patterned WS2 film showing difficulty in long range deposition consistency. Dip-coating 
by hand could be improved by introduction of a robotic process. 
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4.3.3 Composite film formation 
Composite films were established, by mixing two different nanoflake suspensions together, before 
film assembly and extraction. The Raman spectra (Figure 4.13a) collected from the composite films 
display vibrational peaks corresponding to each component of the films, as discussed previously. This 
shows that there is not one species preferentially attracted to the liquid-liquid interface, both species 
are present in the assembled films. The presence of both materials in the composite films was 
confirmed using XPS analysis, as shown in Figure 4.14. 
 
Figure 4.13 Raman spectra and maps of composite films. a) Raman spectrum of each composite. 
Optical image and Raman maps of material distribution in the outlined square for b) MoS2-ReS2, c) 
MoS2-WS2 and d) WS2-ReS2. Maps show MoS2 in red, ReS2 in green and WS2 in purple. 
Maps of the intensity of the major peak for each species (151, 351, 407 cm-1 for ReS2, WS2 and MoS2, 
respectively) displayed in Figure 4.13 b-d, show that the distribution of each component within the 
film is uniform. There are no patches in the films, consisting of only one species, indicating that even 
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distribution of both materials is achieved. The films that contain ReS2 have lower coverage and do not 
follow the patterning as accurately as the films which only contain MoS2 and WS2. It is believed that 
the presence of ReS2 results in particle agglomeration, even in the composite structures. As such, the 
mixture of MoS2-WS2 (Figure 4.13c) achieves the most uniform composite thin film.  
 
Figure 4.14 XPS of composite films. a) MoS2-ReS2, b) WS2-ReS2 and c) MoS2-WS2. 
This new film deposition method allows for large scale controlled patterning of TMD nanoflakes into 
thin films. Incorporation of two different TMDs into a composite film provides the opportunity to 
explore heterostructures. 
64 
 
4.4 Conclusions 
A new method to assemble films made up of 2D TMDs at a liquid-liquid interface has been achieved, 
through direct treatment of the exfoliated nanoflake suspensions. 2D MoS2 and WS2 were shown to 
form large scale (in the order of mm2) thin films through dip coating of substrates into the assembled 
film. To maintain the properties of the nanoflakes, surfactants and chemical modifiers were not used 
during the exfoliation and film assembly processes. In this way, a facile and repeatable method was 
achieved to establish assembled 2D TMD films. Agglomeration was shown to be detrimental to ReS2 
thin film formation, however this could potentially be rectified through chemical modification. 
Although not studied here, further optimisation of the exfoliation conditions is expected to give rise to 
large ultrathin nanoflakes that could possibly easily assemble into films. In this way, 2D TMD 
nanoflake films of reduced thickness with fewer grain boundaries could be demonstrated. The 
implementation of a hydrophobic substrate patterning process, through photolithography, achieves 
desirable control over the confinement of film deposition. Large area uniform patterned films of 
densely-packed TMD nanoflakes have been achieved using a fast and simple process. The developed 
method for film assembly and deposition is a critical step towards the development of uniform thin 
films for use in catalysis, sensing and energy storage applications. 
In the following chapter, the exfoliation of quasi-stratified crystals, to form new two-dimensional 
materials, will be explored. Ultrathin micron-scale two-dimensional sheets are produced through a 
reductive exfoliation method. 
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Chapter 5 
Exfoliation of quasi-stratified Bi2S3 
crystals into micron-scale ultrathin 
corrugated nanosheets 
5.1 Introduction 
There are ongoing challenges with the optimisation of the exfoliation of layered sulphide crystals, 
with issues regarding yield and dimensions. In an attempt to synthesise larger ultrathin nanosheets, at 
a high yield, via exfoliation, my colleagues and I developed a reductive exfoliation process which was 
published in Nanoscale journal, 2016.1  
Sonication is well-known to lead to nanosheet cracking and breakdown, a compromise between 
reducing sheet thickness and maintaining lateral size has to be made.2, 3 Hence, most liquid phase 
protocols lead to highly polydispersed products featuring poorly defined electronic properties, since 
the electronic structure of MoS2 is highly dependent on the number of layers and lateral size.4, 5 
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Furthermore, high power mechanical exfoliation techniques have been found to result in unwanted 
organic residues due to sonochemical degradation of solvents or surfactants used in the process.3 
While lithium intercalation procedures generally lead to larger sheet sizes, these methods result in the 
exfoliation of semi-metallic 1T MoS2 layers which are not desirable for applications requiring a 
bandgap.6 Thus scalable approaches that result in the dispersion of large area MoS2 nanosheets with a 
narrow thickness profile, an optical bandgap and reproducible flake quality are highly sought after. 
The process which has been developed by my colleagues and I to tackle the above mentioned issues is 
based on reductive MoS2 exfoliation. The method utilises hydrazine salts without the need of any 
sonication steps, reducing the probability of sheet breakdown. Zheng et al. recently proposed a 
hydrothermal hydrazine pre-exfoliation method for the production of large area MoS2 nanosheets.7 
Their proposed reaction proceeds in an autoclave at elevated pressures and temperatures, leading to 
the intercalation of hydrazine molecules into the MoS2 host lattice. However, in their work a further 
intercalation step using alkali naphthalenides was found to be necessary to obtain thin layer MoS2 
nanosheets. Rather than adopting a similar multi-step exfoliation approach, and after observing that 
concentrated hydrazine hydrate solutions are corrosive to MoS2 sheets at our laboratory, we instead 
explored the exfoliation efficacy of less alkaline hydrazine salts at relatively low concentrations. In 
this work, we show that thin layers of MoS2 can be directly exfoliated from the bulk following a 
comparatively straightforward synthesis protocol that does not require mechanical agitation. 
We developed a fast exfoliation route utilising hydrazine dihydrochloride, leading to MoSx nanosheets 
with a highly monodispersed thickness profile. The lateral dimensions were limited by the size of the 
initial bulk crystals, and larger sheet sizes may be feasible in the future. Figure 5.1b shows a typical 
transmission electron microscopy (TEM) image of the synthesised nanosheets. The exfoliated MoSx 
layers are of exceptionally large lateral dimension reaching several micrometres. The average lateral 
size determined using dynamic light scattering (DLS) and statistical analysis of TEM images (Figure 
5.1a) reveals that the lateral dimensions of the exfoliated sheets correspond to roughly half of the 
precursor crystal size. Discrepancies between DLS data and TEM data likely arise due to differing 
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folding of the nanosheets. The determined sizes are low estimates and the true size of flat flakes is 
expected to be larger.  
The nanosheets appear translucent in the TEM images, indicating their thin nature. High resolution 
TEM (HRTEM) images revealed a lack of crystallinity of the nanosheets (Figure 5.1c). The flat lying 
areas of the nanosheets feature no discernible crystal pattern, indicating lattice distortion. Imaging of 
folds and wrinkles at atomic resolution (Figure 5.1d) revealed increased crystallinity in these strained 
regions, with the spacing matching the electron diffraction patterns shown in Figure 5.1e. 
 
Figure 5.1 a) TEM and DLS size distributions. b) low resolution TEM image of a typical exfoliated 
MoSx sheet. c) HRTEM image of a flat area. d) HRTEM image of a folded ridge; the white arrows 
show the atom to atom spacing with distances of 2.05 Å and 3.7 Å. e) SAED pattern of entire flake. 
Atomic force microscopy (AFM) analysis revealed that the exfoliated sheets are ~1.9±0.2 nm thick 
(Figure 5.2). Interestingly the thickness of the product is highly monodispersed. The thickness 
corresponds to two fundamental layers of MoSx, since a single layer of MoS2 has been reported to be 
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0.7 to 0.9 nm thick, depending on the crystal polytype. Despite measuring the thickness of hundreds 
of nanosheets, all encountered flakes are found to be bilayers. This extraordinary monodispersity is 
setting the hydrazine based exfoliation method apart from other synthetic routes. 
 
Figure 5.2 AFM profile and image of a typical MoSx nanosheet exfoliated with hydrazine 
dihydrochloride. The dotted line indicates the area investigated for the height profile.  
This novel synthesis method allows producing highly monodispersed substoichiometric MoSx bilayers 
with highly defined physical dimensions in a fast liquid phase process. The reaction mechanism was 
found to be based on the reduction of the MoS2 bulk crystal with hydrazine salts, leading to lattice 
deformations and sulphur loss, ultimately resulting in delamination and exfoliation.  
The developed method has been demonstrated to lead to the production of MoSx nanosheets with 
superior monodispersed thickness profile and exceptionally large lateral dimensions due to the 
elimination of the need for applying high power mechanical agitation. The synthetic route is likely 
suitable for the exfoliation of other layered transition metal chalcogenides and further strong organic 
reducing agents may be suitable to facilitate the reaction. Thus future work should establish a better 
understanding of the process and attempt to investigate a wider range of reagents to determine the 
versatility of this method. 
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Following successful exfoliation of layered MoS2 crystals, the same method was investigated as a 
gentle alternative for exfoliation of quasi-stratified crystals such as bismuth sulphide (Bi2S3). 
The crystal structure of Bi2S3 is orthorhombic, with a layered structure of atomic scale ribbons held 
together by van der Waals forces. This structure favours the formation of one-dimensional 
nanomaterials, however one report of wider, quasi two-dimensional, ribbons has been presented.8 The 
existence of Bi2S3 in nanoribbon morphology is an indication that this material can possibly be 
exfoliated from its highly ordered bulk crystals into larger, planar nanosheets.  
In this chapter, I demonstrate the exfoliation of highly ordered Bi2S3 crystals, using a hydrazine salt, 
to obtain large sheets of two-dimensional (2D) bismuth sulphide. The chemical exfoliation process 
eliminates the need for sonication of the reaction mixture and results in large sheets, despite the fact 
that native Bi2S3 is comprised of in-plane van der Waals ribbons. The sheets are fully characterised to 
reveal their stoichiometry and morphological properties. Subsequently, devices based on the 
exfoliated nanosheets are established to investigate their electrical and sensing properties. 
The contents of this chapter have been published as an article in Chemistry of Materials journal.9 
5.2 Experimental details 
5.2.1 Materials 
Bulk Bi2S3 powder (99.9%) was purchased from Strem. Hydrazine dihydrochloride (98.5%) and 
dimethyl formamide (DMF) (99.8%) were purchased from Sigma Aldrich. 
5.2.2 Reductive exfoliation 
The method used for the exfoliation of stratified Bi2S3 was similar to that recently developed by our 
group for exfoliating MoS2.1 0.5 g of hydrazine dihydrochloride and 0.1 g of bismuth sulphide were 
mixed into 10 mL of DMF and heated to reflux at 153°C for 1 hour, with constant stirring. The 
mixture was then stored at −30°C for approximately 90 minutes, to solidify remaining organic side 
products. The solution was centrifuged at 200 RCF for 15 minutes to remove unreacted bulk Bi2S3. 
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The produced suspension was then centrifuged at 16,000 RCF for 60 minutes to sediment out the 
ultrathin bismuth sulphide. The ultrathin sheets were re-suspended and washed several times using 
fresh DMF. We avoided washing with water since the addition of water leads to the crystallisation of 
large amounts of bismuth oxychloride (BiOCl) which forms from excess dissolved bismuth and 
chloride ions (See Figure 5.3). 
 
Figure 5.3 BiOCl characterisation a) Bi2S3 nanosheet covered in BiOCl crystals. b) Isolated BiOCl 
crystals. c) XPS trace of Bi 4f region, with peaks corresponding to BiOCl and no peaks for Bi2S3. 
5.2.3 Device fabrication 
The suspended nanosheets were drop casted onto highly p-doped 290 nm SiO2/Si substrates pre-
patterned with a registration scheme of Au markers. Optical and scanning electron microscopy (SEM) 
images were subsequently used to locate suitable sheets. Electrodes were patterned using electron 
beam lithography (EBL) at 25 keV (FEI XL40 SEM) using the substrate markers for the alignment, 
followed by deposition of 10 nm Ti and 50 nm Au using electron beam evaporation. 
5.2.4 Characterisation 
The suspension of ultrathin sheets in DMF was dried on silicon substrates, glass slides and 
transmission electron microscopy (TEM) grids for further analysis. TEM was performed on a JEOL 
1010 instrument (100 keV), to determine the lateral dimensions of the sheets. High resolution TEM 
(HRTEM) images were collected using a JEOL 2100F instrument (200 keV). SEM was conducted 
using an FEI Verios instrument operating with a landing energy of 1 kV (stage bias 4 kV). Optical 
images were collected with a Leica DM2500M microscope with a CCD camera. Sheet thickness was 
determined using a Bruker Dimension Icon atomic force microscope (AFM) in tapping mode. 
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A map of photoluminescence (PL) spectra was obtained using a Horiba Scientific LabRAM HR 
evolution system with 5 s exposure using excitation wavelength of 532 nm. A Reinshaw inVia 
spectrometer with laser excitation of 785 nm was employed to collect the Raman spectrum of the 
material. The powder x-ray diffraction (XRD) pattern of the sheets was collected using a Bruker D4 
Endeavour with Cu Kα radiation of 1.5406 Å. 
The elemental composition was studied by x-ray photoelectron spectroscopy (XPS) using a Thermo 
Scientific K-alpha instrument with a monochromated Al Kα x-ray source (1486.7 eV). The bulk 
material was also studied using an Oxford Instruments X-Max 80 energy dispersive x-ray 
spectroscopy (EDX) detector connected to the SEM. 
Electrical measurements were performed using a Keithley 2400 sourcemeter. Standard 2-probe DC 
techniques were used, at ambient temperature and pressure, with a back gate voltage applied to the 
highly p-doped Si substrate. Elevated temperature measurements were achieved using a Linkam stage, 
with a temperature controlled stub. 
Photoelectron spectroscopy in air (PESA) was used for determining the valence band position of 
samples dried on glass substrates, using a Riken Kekei AC-2.  
Gas sensing was achieved using a custom sensing chamber attached to a digital mass flow controller, 
which was set at a flow rate of 200 sccm. The NO2 concentration was 10 ppm in background air. H2S 
and H2 were set to 56 ppm in N2 and 1% in air, respectively. Water vapour was introduced at 50% 
relative humidity. 
5.3 Results and discussion 
5.3.1 Structure and morphology 
Liquid phase exfoliation of bulk Bi2S3 was carried out, as presented in the Experimental section, and 
the remaining bulk powder was removed. In brief, we used hydrazine dihydrochloride facilitated 
exfoliation, which does not require any mechanical agitation and leads to nanosheets of large lateral 
dimensions. After centrifugation, large amounts of grey sediment were observed, which indicates that 
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there is a high yield of ultrathin material produced. These were washed and re-suspended in DMF for 
further analysis.  
The suspended nanosheets were studied by several techniques, to determine their size and 
morphology. 30 different sheets on a grid were measured by TEM, as presented in the size histogram 
(Figure 5.4a). A range of micron-scale dimensions are observed, with the majority of sheets being 2-
4 µm in length, and some reaching dimensions as large as 20 µm. The highly wrinkled nature of the 
sheets when dried upon the TEM grid suggests that the true dimensions, when laid flat, would be even 
larger. It seems that the lateral dimension is limited by the dimensions of the starting bulk powder. 
 
Figure 5.4 a) Size histogram of 30 sheets observed by TEM. b) TEM image of a small sheet, scale bar 
0.5 µm. c) TEM image of a large sheet, scale bar 0.5 µm. d) SEM image of the edge of a sheet, scale 
bar 1 µm. e) AFM image of the same area shown in d), scale bar 1 µm. Inset height profiles of the 
blue and green lines. f) Thickness histogram prepared by measuring 50 flat and folded edges. 
Example TEM images of a small and large sheet are presented in Figure 5.4b and c, additional TEM 
images with different degrees of wrinkling are presented in Figure 5.5. Transparent regions, where the 
sheets lay flat, indicate that the product is expected to be ultrathin. Additionally, the flexibility of the 
sheets is always associated with the low number of fundamental layers forming an ultrathin sheet.10, 11 
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 Figure 5.5 TEM images of different sheets, with different degrees of wrinkling. Scale bars all 0.5 µm. 
SEM imaging was used for studying the structure of the sheets further, using settings to enhance the 
surface detail, enabling the observation of wrinkles and thin edges. Differences in the contrast of the 
SEM images show where the edge of the sheet lays flat or is folded over (See Figure 5.4d). It is also 
observed that some thick species have dried onto the sheet. These could be small pieces of 
unexfoliated material or other insoluble impurities and side products. Further optimisation of the 
washing process is necessary to obtain perfectly clean, uniform samples. 
The thickness of the sheets was measured by AFM (Figure 5.4e and f) which show that a step at the 
flat edge of a sheet is 2.5 nm. The thickness of a full stoichiometric monolayer would be limited by 
the lattice parameter of 1.1 nm.8 We were not able to find any step of this thickness in our samples as 
can be seen in Figure 5.4f. The minimum observed thickness was found to be just above 1.5 nm in all 
our observations (Figure 5.4f). We will associate this increase of the thickness with the development 
of a corrugated plane structure that will be discussed in the context of HRTEM imaging later in this 
section. Many folded edges are also observed, as shown by the green trace in Figure 5.4e, featuring a 
bilayer thickness in the order of 5 nm. Additional AFM images are presented in Figure 5.6.  
 
Figure 5.6 Typical AFM images, all scale bars are 2 µm. 
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As an example, a single sheet was analysed by a variety of techniques (SEM, AFM, optical images 
and photoluminescence), to determine the combined information that can be obtained for a single 
sheet (Figure 5.7). The observed folds and wrinkles in the material not only confirm the thinness of 
the sheets, but also show their strength and flexibility, since there are no signs of fracturing along the 
folds. 
 
Figure 5.7 a) Optical image, b) PL map, c) SEM image and d) AFM of the same Bi2S3 sheet, scale 
bars are 5 µm. In all techniques used the thicker, folded regions of the sheets are easiest to identify. 
Imaging the flattest, ultrathin regions is quite challenging due to lack of contrast. As such, a 
combination of techniques must be used to fully identify the location and structure of the sheets, and 
optimisation of contrast is particularly important especially when the sheets are lying flat. 
To further analyse the thickness of the exfoliated sheets, HRTEM was used, as presented in Figure 
5.8. In the low magnification image, a single layer with several folds is observed (Figure 5.8a inset). 
Analysing folded edges of the nanosheets allows gaining insight into the local surface morphology of 
the nanosheets which can otherwise not be observed for flat laying regions. Higher magnification 
shows that the folded edges follow a zig-zag pattern (Figure 5.8a and b). This pattern is consistent 
77 
 
with the crystal structure of orthorhombic Bi2S3, with an offset herringbone arrangement of repeating 
units.12 The height of the observed zig-zag, however, is close to ~1.3 nm (Figure 5.8b), indicating that 
the plane has been warped into deeper corrugations. Adding the depth of the observed corrugation to 
the lattice parameter of a single layer (1.1 nm) allows establishing an approximation for the expected 
layer thickness of the exfoliated sheets which is found to be ~2.4 nm for a corrugated monolayer. This 
number is consistent with the step height observed using AFM in Figure 5.4f, indicating that 
monolayer bismuth sulphide is synthesised. As can be seen in Figure 5.8a the crystal lattice has been 
highly distorted, although some areas of localised crystallinity can still be identified. 
 
Figure 5.8 a) HRTEM of a nanosheet, scale bar 10 nm. Inset top, lower magnification, scale bar 
20 nm. Inset bottom, Fourier transform pattern showing spots at 1 nm-1. b) Higher magnification of a) 
showing zig-zag edge with corrugations of 1.3 nm depth and a lateral peak-to-trough distance of 
2 nm, scale bar 2 nm. 
We, hence, speculate that the reductive exfoliation process alters the in-plane crystal structure of the 
bismuth sulphide, by possibly introducing sulphur vacancies and allowing the ribbon-like units to 
interact in an alternate arrangement. The assumption regarding the presence of sulphur vacancies will 
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be further explored using XPS in section 5.3.2. These vacancies cause a repeating unit with 
corrugations of 1.3 nm along the c-axis, resulting in a monolayer with a uniform height of 2.4 nm and 
folded edges with double this height. The spacing between the corrugations is observed to be ~2 nm, 
and is identified as spots in the Fourier transform (Figure 5.8a inset) at a diameter of ~1 nm-1. The 
observation of a repeating unit, with directionality, implies that the nanosheets would possess 
anisotropic properties and these will be studied in future investigations. 
5.3.2 Composition 
The exfoliated sheets were characterised and compared to the bulk starting material to determine the 
composition of the products. Photoluminescence was observed from the sheets when a 532 nm laser 
excitation was used. The emission shows a peak centered at 629 nm and a second, broader peak at 
689 nm (Figure 5.9a). The observed photoluminescence is in the same energy range as previously 
reported luminescence from Bi2S3 nanobelts.13 It has been suggested that crystal defects may create 
deep trap states that provide alternate recombination pathways resulting in the observed 
photoluminescence.14-16 The intensity of the photoluminescence emission is directly proportional to 
the thickness of the material (see Figure 5.7b). We do not see enhanced emission for ultrathin regions, 
as has been reported for other two-dimensional materials.4 This is probably due to the fact that the 
bulk material already possesses a direct bandgap, and thus no bandgap cross-over can be observed 
when the thickness of the crystal is reduced.  
The Raman spectra (Figure 5.9b) show similar patterns for bulk Bi2S3 and thin layers. The peak 
locations closely match previously reported values,17 the transverse Ag, in-plane, peaks occur at 188 
and 240 cm-1, and the longitudinal B1g vibrations are at 168 and 265 cm-1.18 However, the relative 
peak intensity of the main B1g peaks is increased in the exfoliated sample, which has previously been 
reported for Bi2S3 quantum dots.19 This indicates that the longitudinal vibrations are altered compared 
to bulk crystals of Bi2S3.  
An exfoliated sample dried on glass shows an XRD pattern that corresponds well to the bulk powder 
(Figure 5.9c). The broad feature between 15-35° is a background signal associated with the glass 
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substrate. All peaks are indexed to crystal planes of orthorhombic Bi2S3 (JCPDS 17-0320). The bulk 
material features major contributions from (130), (310) and (020) peaks. The exfoliated material is 
expected to show preferential orientation in the (010) and parallel planes, which would increase the 
peak intensities for these directions. The absence of these intense peaks can be attributed to the highly 
wrinkled nature of the sheets when dried on a substrate, resulting in random orientation. Additionally, 
the overall peak intensities have significantly decreased for all peaks, which further confirms the 
distortion of the crystal lattice during the chemical exfoliation, in agreement with the HRTEM 
analysis. 
 
Figure 5.9 a) Photoluminescence spectrum of a sheet. b) Raman spectra of exfoliated and bulk 
material. c) XRD patterns of exfoliated and bulk material with main peaks indexed. Data has been 
normalised for ease of comparison. 
The XPS data (Figure 5.10a) of the bulk Bi2S3 reference, measured between 145 and 175 eV binding 
energy, show a Bi 4f doublet with the S 2p doublet inside the Bi 4f doublet gap. These peaks were 
fitted for the bulk material (Figure 5.11a) and sensitivity factors were calibrated to yield the expected 
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Bi to S atomic ratio of 40:60 for Bi2S3. The atomic ratio of the precursor Bi2S3 material was confirmed 
using EDX during SEM imaging, giving a ratio of ~38:62, as shown in Figure 5.11b. 
  
Figure 5.10 XPS binding energy windows for a) Bi 4f, b) S 2s and c) Bi 4d, for exfoliated (blue) and 
bulk material (black). Data has been normalised for ease of comparison. 
For the exfoliated sample (Figure 5.10a, blue line), broadening of the Bi 4f peaks to higher binding 
energies indicates that some Bi in the sample exists in a sulphur-deficient state.20 The stoichiometric 
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analysis of the sample is found to be complicated due to the overlapping of the Bi 4f and S 2p peaks 
which are also found to be comparatively weak. Furthermore, interference from the substrate’s Si 2s 
signal is observed. As a result, it is inaccurate to use this energy window for peak fitting. 
 
 
Figure 5.11 Bulk material a) XPS and b) EDX atomic percentage calculations. 
As an alternative, the less prominent S 2s and Bi 4d energy windows (Figure 5.10b and c) are used, 
since these peaks are found to be more defined while not being affected by any overlapping signals 
from other elements. The S 2s peak corresponding to elemental sulphur at 227.9 eV (green line) and 
the Bi2S3 S 2s peak at 225.6 eV (purple line) are fitted, and the peak corresponding to Bi2S3 is used for 
the atomic ratio calculation.21-24 Oxidation of the material is ruled out by closer observation of the O 
1s region and extended Raman spectrum (Figure 5.12). The Raman spectrum does not show any 
evidence of peaks at 450 or 530 cm-1 which would indicate the presence of Bi2O3.25, 26 Moreover, the 
symmetrical O 1s peak is assigned to the SiO2 substrate with no evidence of a shoulder or peak at 
higher energy levels, which would be observed for Bi2O2S and Bi2O3.27-29 The Bi 4d doublet is also 
integrated and the atomic ratio between Bi and S in the exfoliated material is found to be 43:57, 
corresponding to a chemical formula of Bi2S2.6. This indicates that the product is not fully 
stoichiometric Bi2S3, but rather that there is a large amount of sulphur vacancies introduced to the 
sheets during the exfoliation process. The lost sulphur atoms are likely reduced to elemental sulphur 
during the hydrazine based exfoliation procedure, giving rise to the associated distinct XPS signal 
(Figure 5.10b) and potentially the observed residues mentioned in the SEM discussion.  
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 Figure 5.12 a) Survey XPS and b) O 1s energy region for exfoliated nanosheets. c) Extended Raman 
specta, showing no signs of Bi2O3 peaks at 450 or 530 cm-1. 
The determined elemental ratio indicates that most fundamental building blocks of the ribbon 
structure (Figure 5.13c) have lost one sulphur atom. The loss of one sulphur atom per bismuth 
sulphide unit provides a suitable hypothesis for the origin of the observed corrugated 2D sheet 
formation. If the sulphur loss preferentially involved the terminal sulphur atoms (highlighted in Figure 
5.13d), cross linking of the individual ribbons and 2D sheet formation can be rationalised due to the 
formation of sulphur bridges. The van der Waals gap in c-axis direction is only 3.16 Å wide while the 
distance between the nanoribbons in the a-axis is 3.45 Å. The sulphur to bismuth bond lengths in bulk 
Bi2S3 are found to be between 2.5 Å and 3.0 Å and predominantly between 2.5 Å and 3.2 Å in 
simulated quantum confined Bi2S3 systems, indicating that 2D cross linking rather than the formation 
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of a three dimensional system is preferred.30 As previously discussed, these vacancies, in combination 
with the formation of sheets, are the possible causes of the in-plane corrugation. 
 
Figure 5.13 Crystal structure of Bi2S3,31 a) view from the b axis showing the cross-section of the 
individual ribbons, b) view from the c axis highlighting the layered structure, c) structure of one 
individual Bi2S3 unit and d) structure of two neighbouring Bi2S3 ribbons. The red circle indicates the 
location where the loss of one sulphur atom could lead to the cross-linking of individual ribbons 
resulting in sheet formation, as discussed in the context of the XPS analysis. 
The presence of Bi ions in the reaction mixture (as indicated in the Experimental section by the 
formation of BiOCl) along with the altered atomic ratio, suggests that the harsh reaction conditions 
cause some breakdown of the material during the exfoliation process. This resulting substoichiometry 
is consistent with previous characterisation of hydrazine assisted exfoliation of MoS2.1  
5.3.3 Electrical properties 
Back-gated devices were established to facilitate the electrical characterisation of the exfoliated 
sheets. Optical and SEM imaging (Figure 5.14) were employed to locate the dispersed nanosheets on 
a substrate after drop casting the suspension. Large sheets that lay reasonably flat on the pre-patterned 
SiO2/Si substrate are selected for electrode deposition. The thinnest and flattest part of the sheets were 
identified and measured with respect to the markers and EBL was used to pattern the electrodes, an 
example of which is shown in Figure 5.15a. A total of four operational structures was fabricated 
which displayed consistent properties. The location was then studied by AFM (Figure 5.15b) to 
determine the thickness of the sheet, wrinkles and also to confirm the height of the Au/Ti electrodes. 
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The sheet was found to be ~3 nm thick, with wrinkles reaching 6 nm of height (Figure 5.15c). This 
indicates that the electrical measurements were collected for single layer sheets. 
 
Figure 5.14 Low magnification images of the dropcasted suspension: a) Optical and b) SEM at the 
scale bars of 100 µm. It is easiest to use optical microscopy to see the contrast between thin 
nanosheets (blue) and thicker residues (black). In low magnification SEM, the thin sheets are not 
distinguishable from the substrate. Using a marked substrate and identifying flat nanosheets by optical 
microscopy, then locating the same region by high magnification SEM is necessary to obtain suitable 
SEM images of ultrathin sheets (as seen in Figure 5.7). 
The devices were measured with various applied back-gate voltages and the current-voltage (I-V) 
curves were collected across the drain (an example is presented in Figure 5.15d). Non-ohmic contacts 
are observed, likely due to the chemical processing of the nanosheets, resulting in mobilities limited to 
the order of 10-3 cm2/Vs. The enhanced current at negative gate voltage suggests that the sample has 
p-type nature. Bi2S3 is usually reported as an n-type material,32, 33 and this p-doping is likely due to 
altered properties resulting from chemical preparation of the sheets and the resulting 
substoichiometry. The sample displays weak transconductance and does not switch off at gate 
voltages up to 80 V, where leakage typically occurs, indicating metallic doping of the material. 
Reports of metal-like conduction in substoichiometric Bi2S3 have attributed this phenomenon to 
sulphur vacancies in the material.34-36 Annealing substoichiometric Bi2S3 in a sulphur atmosphere was 
shown to decrease the electrical conductivity by reducing the carrier concentration, as a result of the 
reduced number of sulphur vacancies.36 In order to improve the materials performance in logic 
devices, more work should be carried out, to improve the contacts and to also tune the material’s 
sulphur content in order to obtain a higher mobility in this p-type material.  
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 Figure 5.15 Electrodes deposited on an exfoliated nanosheet. a) Optical image, scale bar 5 µm. b) 
AFM image of the same device, scale bar 2 µm. c) Height profiles of lines in b), showing thicknesses 
of the sheet, wrinkles and electrodes. d) I-V curves of device using various applied gate voltages. 
Inset, I-Vgate curves of device with various drain voltages. e) I-V curves of device at various 
temperatures. 
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To further investigate the electrical properties of the nanosheets, the valence band position and Fermi 
level of the material were determined using PESA and valence XPS investigation (Figure 5.16). 
PESA found the material’s valence band position to be 5.2 eV. This is consistent with the reported 
value of 5.13 eV, calculated for the (010) surface of Bi2S3.37 The extremely small gap between the 
Fermi level and the valence band (~0.1 eV) indicates the presence of excess holes in the valence band 
and is indicative of high p-doping, which is in agreement with the electrical measurements.  
 
Figure 5.16 a) PESA and b) valence XPS of nanosheets. 
The device’s response to elevated temperature was also studied. I-V curves collected from 25-125°C 
(Figure 5.15e) show that the current increases near-linearly with increasing temperature. This 
translates into a negative temperature co-efficient where the resistivity changes from ~290 to 
~55 Ωcm-1 when the temperature is increased from 25°C up to 125°C. This order of change in 
resistivity with temperature is comparable to that reported previously for n-type Bi2S3.34 The change 
in resistivity is relatively linear which means that the device can be efficiently used for room 
temperature sensing applications. 
5.3.4 Gas sensing 
The device was also investigated for the use as a room temperature gas sensor. The I-V curve was 
collected, at room temperature, before and after exposure to 10 ppm NO2 for 15 minutes (Figure 
5.17). The I-V curve indicates an increased conductivity of the nanosheet, leading to an increased 
current by a response factor of 1.8 after exposure to NO2 gas. The increase in conductivity with 
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adsorbed NO2 is observed since the material is a p-type semiconductor and NO2 acts as an electron 
acceptor.38 The sensor shows a fast response, but a slow recovery, as highlighted in Figure 5.18. 
 
Figure 5.17 I-V curve of device before (black) and after (red) exposure to NO2 gas for 15 minutes at 
room temperature and subsequent purging (dashed). 
 
Figure 5.18 Sensor’s current response to NO2 gas over time a) long time exposure to gas and b) 
shorter term on-off exposures to gas. 
After purging the sample for two hours with synthetic air, the device still showed an elevated 
conductivity. This slow recovery time indicates that the gas molecules strongly interact with the 
device and the adsorption is not quickly reversed. However, when measured after resting overnight, 
the device completely returned to its original state, which shows that no permanent bonding between 
the gas and the device occurred and that the nature of the interaction is probably physisorption. 
Similar slow recovery times are widely reported for other forms of physisorption based NO2 sensors 
including two-dimensional MoS2 and carbon based devices. 39, 40  
Bi2S3 nanowires and WS2 nanosheets have shown promise as humidity sensors.41, 42 As such, the 
sensor’s response to water vapor was also investigated, to determine if the humidity of the 
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environment will interfere with the sensor’s response to NO2 gas. The current signal was found to 
decrease on the transition from a dry environment to 50% relative humidity, as shown in Figure 5.19. 
This indicates that the sensor may show a weaker signal when measured in a humid environment, but 
the humidity will not interfere to give a false-positive response to NO2 gas. 
 
Figure 5.19 Sensor’s current response to water vapour over time. 
 
Figure 5.20 Selectivity for NO2: nearly no response to a) H2 and b) H2S. 
A previous report on gas sensing using a Bi2S3 nanowire shows moderate response and recovery time 
for interaction with H2 gas.43 As such, our sensor was also exposed to H2 and H2S gases, however, no 
response was detected (Figure 5.20). This discrepancy is attributed to the way the gases interact with 
the two different materials. Yao et al.43 use n-type one-dimensional nanowires and do not report 
sulphur vacancies in their material. Hence, it is predicted that our material does not interact with H2 
due to the different structure of the used bismuth sulphide based materials. Furthermore, these 
measurements indicate that substoichiometric p-type nanosheets have a good selectivity for NO2 gas 
sensing. 
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5.4 Conclusions 
A new two-dimensional form of bismuth sulphide was developed, using a hydrazine salt based liquid 
phase exfoliation process. Since no mechanical force was required during this process, micron-scale 
ultrathin corrugated nanosheets could be obtained, despite the fact that the ribbon-like entities are held 
together by weak van der Waals forces along the planar structures in the bulk sample. The synthesised 
corrugated sheets were as large as 20 µm across and as thin as 2.5 nm. Sulphur vacancies introduced 
during the exfoliation process altered the stoichiometry of the material, resulting in a chemical 
formula of Bi2S2.6. The loss of sulphur atoms likely facilitated the cross linking of the individual 
bismuth sulphide ribbons, leading to the formation and exfoliation of corrugated 2D nanosheets. 
Further work on the characterisation of the highly anisotropic material is expected to show interesting 
altered properties along the corrugations. A metallic electrical response, with weak transconductance, 
was displayed and hence, future studies will investigate means to control the sulphur content to tune 
the material’s electronic properties. A near-linear response to temperatures from 25-125°C highlights 
the potential use of this material in temperature measurement systems. The material also showed 
promise as a selective NO2 gas sensor, with a fast response time and a response factor of 1.8. This is a 
first report on hydrazine salt assisted exfoliation of a highly ordered compound into corrugated planes, 
despite the fact that the precursor crystal was not naturally made of uniform covalently bound 
fundamental planes. The method can be adopted for the formation of future planar morphologies from 
crystals that are only quasi-stratified and, hence, lead to many novel possibilities in exfoliation 
processes for new two-dimensional materials. 
In the following chapter, I discuss potential future studies that would build on the work presented in 
this thesis. 
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Chapter 6 
Conclusions 
6.1 Concluding remarks 
The primary objectives of this PhD research, as outlined at the beginning of this thesis, were to 
develop new morphologies of metal sulphide nanomaterials and explore their unique properties. The 
contents of this thesis have contributed to knowledge regarding the liquid-phase synthesis of metal 
sulphide nanomaterials through investigation of safer, faster, more efficient and simpler reaction 
methods. 
Various synthesis techniques were developed, fully investigated and optimised throughout this 
research, resulting in significant contribution to the advancement of the area of metal sulphide 
nanomaterials. Detailed discussions of the outcomes of the three separate stages of this project are as 
follows: 
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6.1.1 Stage 1 
In this investigation, an aqueous exfoliation of MoS2 was achieved through the use of a biocompatible 
surfactant. The exfoliated nanoflakes were further broken-down into quantum dots through a 
hydrothermal process, as well as simultaneous growth of ZnS to form hybrid quantum dots. 
The photoluminescence intensity was shown to be lowest for large MoS2 nanoflakes, the break-down 
to quantum dots increased the emission and the hybrid quantum dots were shown to have the greatest 
emission intensity. Incorporation of the ZnS introduced a second peak in the photoluminescence 
emission spectrum, with the peak height ratio dependent on the molar ratio of zinc precursor used in 
the hydrothermal reaction. The photoluminescence quantum yield was calculated to be 1.96%, which 
is higher than the emission for pristine monolayer MoS2. 
The photoluminescent emission was shown to be excitation-wavelength-independent, which indicates 
that the particles have a relatively narrow size distribution. This makes the developed hybrid quantum 
dots more useful, because the emission is much more stable and intense. 
This work provided evidence that the optical emission from MoS2 nanomaterials can be controlled 
and enhanced to useful levels by size confinement as well as through hybridisation. In addition, 
biocompatible methods of preparation can be achieved through use of aqueous surfactant solutions. 
6.1.2 Stage 2 
A facile alternative method for the formation of transition metal dichalcogenide (TMD) films has 
been developed. A fast sonication-assisted exfoliation was used for creating a stable suspension of 
TMD nanoflakes in dimethyl formamide, without incorporating any other chemicals or surfactants. A 
liquid-liquid assembly was then achieved by mixing octadecene directly with the suspension. The 
assembly was spontaneous, without the addition of any chemical initiators. Upon settling, the TMD 
nanoflakes were shown to assemble into an isolated film.  
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The application of a patterned hydrophobic coating on Si substrates created a desirable control over 
the films deposition behaviour. Large-scale uniform films have been established, with hydrophobic 
constraints to control the area of the patterned films. 
The orientation of the nanoflakes was confirmed by x-ray diffraction analysis. The intensity of the 
basal plane 002 peak for both MoS2 and WS2 indicated that the flakes lay flat on the surface. Atomic 
force microscopy shows that the films were quite thin, however, there was a lot of roughness caused 
by small overlapping flakes. Ultimately the film quality could be improved by using a suspension of 
large ultrathin flakes, and the method is currently limited by the exfoliation process and the quality of 
the resulting nanoflake suspension. 
The outcome of this stage was the introduction of a facile two-dimensional material assembly 
technique. It has been shown that it is not necessary to introduce additional chemical modification and 
processing steps in the manipulation of exfoliated nanoflake suspensions. In addition, substrate 
surface modification, through hydrophobic treatment, provides a useful tool for control over film 
patterning. 
6.1.3. Stage 3 
The final stage of this PhD thesis was focussed on producing micron-scale nanosheets from quasi-
stratified crystals of bismuth sulphide (Bi2S3). Bi2S3 has been exfoliated for the first time, into a two-
dimensional morphology. 
During the reductive exfoliation, the isolated ribbons were cross-linked into two-dimensional sheets 
with sulphur vacancies. The stoichiometry of the resulting nanosheets was determined by x-ray 
photoelectron spectroscopy and calculated to be Bi2S2.6.  
The sulphur vacancies in the material caused severely altered electrical properties, resulting in highly 
p-type behaviour with metallic conductivity. The material was shown to have a selective response to 
NO2 gas, with no response detected from H2S or H2 gasses. The sensor showed a fast response and a 
slow recovery, which indicated that a reversible physisorption process occurs. 
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This stage introduced the possibility of exfoliation of quasi-stratified crystals, which usually form 
one-dimensional nanostructures. The new reductive exfoliation method presents a mechanically gentle 
alternative, which results in relatively large micron-scale nanosheets by preventing fracturing and 
break-down. 
6.2 Future studies 
The research presented in this thesis has contributed significant progress in the field, evidenced by the 
publication of several journal articles. As research interest in the field of metal sulphide nanomaterials 
continues to grow, this thesis provides a basis for several new branches of future investigations. The 
preliminary findings introduce scope for further studies based upon the outcomes of this research. 
6.2.1 Hybrid quantum dots 
Following work on the synthesis of hybrid quantum dots with enhanced photoluminescence, optical 
sensing applications should be further studied. In future, the sensitivity of the hybrid quantum dots in 
aqueous chemical sensing should be investigated. With the appearance of dual emission peaks, the 
option of internal calibration becomes a possibility.  
It might also be possible to extend this investigation to incorporate different sulphide materials into 
new hybrid structures, by using different chemical precursors in the hydrothermal synthesis. A 
selection of new quantum dots covering a wide emission range, with selectivity to many ions, could 
help to create a broad spectrum optical sensor array. 
6.2.2 Films made from two-dimensional flakes 
The facile method for patterned film deposition is currently limited by the quality of the nanoflake 
suspension and also by the dip extraction process. Optimisation of the exfoliation process has been 
extensively studied in the past and a suitable solvent profile for exfoliation as well as liquid-liquid 
interface formation can be achieved. Future studies would ideally focus on making films with less 
grain boundaries, by incorporating large, ultrathin nanosheets.  
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It would also be useful to further introduce and study the behaviour of surfactant molecules in the 
exfoliation and assembly processes. Through the use of surfactants, the exfoliation can be enhanced, 
to produce a high yield of ultrathin nanosheets, however the properties of the resulting films could be 
altered and this would need thorough investigation and optimisation.  
The deposition of the films, with incorporated two-dimensional flakes, should also be greatly 
improved by the incorporation of a robotic dip technique. As such, future studies on the optimisation 
of dip velocity and angle optimisation would be beneficial to the overall film formation. 
If a uniform coverage is achieved, thin films could be deposited at targeted locations on a substrate. 
Future studies should include incorporation of these films into a range of devices and testing their 
suitability for use in catalysis, sensing and energy storage applications. 
6.2.3 Ultrathin micron-scale nanosheets 
The reductive exfoliation of stratified and quasi-stratified crystals has been shown to produce micron-
scale ultrathin nanosheets. This process could be applicable to a wide variety of different sulphide 
materials, and future investigation of the method is thought to be highly relevant to the advancement 
of two-dimensional materials synthesis.  
The conversion to substoichiometric material is also highly interesting for emerging applications. 
Further studies for maintaining control over the stoichiometry of the material could result in two-
dimensional nanosheets with tuneable properties. 
At this stage, the yield of the exfoliation is low. Future optimisation of the exfoliation process, to 
produce more highly concentrated suspensions of micron-scale nanosheets, is thought to be key to 
achieving solution processed nanosheets with quality comparable to chemical vapour deposited two-
dimensional materials. If a high yield of micron-scale nanosheets is achieved, this would be an ideal 
candidate for incorporation into the liquid-liquid assembly process to produce large scale films with 
fewer overlapping boundaries.  
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